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Final  Report:  Grant  AFOSR-87-0058 
Novel  Fiber  Preforms:  Rare  Earth  Doping 
October  31,  1980-November  1,  1987 

T.F.  Morse,  Professor  of  Engineering 
Division  of  Engineering 
W.  Risen,  Jr.,  Professor  of  Chemistry 
Department  of  Chemistry,  Brown  University,  Providence,  R.I.  02912 
Within  the  Division  of  Engineering  at  Brown  University  there  lias  been  established  a 
Laboratory  for  Lightwave  Technology  that  involves  a  multidisciplinary  research  in  a  variety 
of  topics.  (See  Appendix).  Equipment  grants  from  the  National  Science  Foundation,  from 
the  Department  of  Defense,  and  from  the  Bell  Communications  Research  Laboratory  have 
been  responsible  for  the  growth  of  this  facility.  Perhaps  the  key  equipment  grant  was 
from  the  Department  of  Defense  that  permitted  the  acquisition  of  a  complete  optical 
fiber  draw  facility  and  ancillary  characterization  equipment.  This  equipment  has  been 
operational  for  approximately  six  months.  The  preform  deposition  facility  has  been  in 
operation  for  over  a  year,  and  we  have  gained  much  valuable  experience  with  this  equipment 
and  our  ability  to  design  and  fabricate  preforms.  With  our  draw  facility  in  operation, 
and  a  new  fiber  and  preform  characterization  laboratory,  we  can  now  design  preforms, 
fabricate  them,  pull  the  final  preform  into  optical  fiber,  and  analyze  the  fiber.  We  have 
recently  installed  a  York  Technology  FCM  1000  fiber  analyzer,  a  donation  from  the  Bell 
Communications  Laboratory.  This  has  the  capability  of  measuring  fiber  attenuation  as  a 
function  of  wavelength,  fiber  end  surface  condition,  near  field  spot  size,  and  fiber  index 
profile. 

In  conjunction  with  our  research  of  novel  dopants  in  optical  fibers,  we  have  initiated 
a  program  of  cooperative  research  with  Major  J.  Rotger,  Frank  J.  Seiler  U.S.  Air  Force 
Research  Laboratory,  Colorado  Springs,  and  with  Dr.  TJlf  Osterberg,  a  member  <'f  Prof. 
Stegeman’s  group  at  the  University  of  Arizona,  Optical  Science  Center.  Dr.  Osterberg, 
whom  I  recently  visited,  is  carrying  on  some  of  his  second  harmonic  experiments  with 
phosphorus  doped  silica  based  fibers  supplied  by  our  laboratory.  Dr.  Osterberg  is  also 
setting  up  some  experiments  in  conjunction  with  Major  Rotger  in  the  area  of  frequency 
doubling,  and  fibers  from  our  facility  are  being  used  in  this  effort.  The  goal  will  be  to 
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increase  the  efficiency  of  this  process,  and  to  understand  the  basic  mechanism  responsible 
for  this  unexpected  phenomenon.  To  this  latter  end,  we  have  already  obtained  NMR 
spectra  of  our  phosphorus  doped  fibers,  and  hope  to  obtain  sufficient  lengths  of  Nd:YAG 
irradiated  fibers  from  Dr.  Osterberg  at  the  University  of  Arizona  to  use  in  Prof.  Bray’s 
(Department  of  Physics,  Brown  University)  NMR  facility.  This  may  provide  some  insight 
into  the  details  of  the  mechanism  responsible  for  the  breaking  of  the  symmetry  that  permits 
second  order  harmonic  generation  in  an  amorphous  glass.  The  fiber  group  at  the  University 
of  Southhampton,  Southhampton,  England,  has  recently  obtained  10%  efficiency  in  their 
frequency  doubling  experiments. 

We  are  also  continuing  our  efforts  in  rare  earth  doped  glasses,  with  the  ultimate  use 
as  fiber  lasers  or  fiber  sensors.  The  glass-science  aspect  of  our  efforts  in  this  area  has 
been  carried  out  in  the  laboratory  of  Prof.  Risen,  of  the  Department  of  Chemistry.  Dr. 

Kang  Sun  recently  completed  his  Ph.D.  degree  in  the  area  of  rare  earth  glasses,  and  recent 
publications  associated  with  this  work  are  attached. 

In  summaryTTprogress  has  been  made  in  the  following  areas:  further  experience  with 
-o^fMCVD)  preform  facility,  and  the  establishment  of  oxet  optical  draw  tower  provides  •««.  -V  h  a 
wittfTfrrth  an  ability  to  create  state-of-the-art  fibers  with  a  host  of  novel  dopants.  We  will 
continue  to  concentrate  on  fibers  doped  with  rare  earth  elements  by  several  techniques, 
and  to  continue  studies  of  bulk  formation  of  rare  earth  glasses;,with  Prof.  W.  Risen,  Jr. 
(Chemistry  ’’Department. )^.nd  to  study  certain  aspects  of  second  harmonic  generation  in 
rare  earth  doped  silica  based  fibers.  This  work  will  be  undertaken  in  conjunction  with  Dr. 
Osterberg  in  Prof.  Stegeman’s  g'ro^p  at  the  University  of  Arizona,  and  Major  Rotger's 
group  at  Colorado  Springs. 


V  - 


m\ 


77  vv.  v  v  ■>  v  v  ■>  v  v  *>  w  v  ■>  v  vwr>  vwwvv  v  - 


Solid  State  Communications,  VoL. 60, No. 9,  pp. 697-700,  1986. 
f>v  Printed  in  Croat  Britain. 


0038-  I  0°9 .'  “6  >3.00  +  . ‘0 
IVrrvir.on  Journals  L:c  . 


RARE  EARTH  PHOSPHATE  GLASSES 


Kang  Sun  and  William  M.  Risen.  Jr. 

Department  of  Chemistry,  Brown  University,  Providence,  RI  02912,  U.S.A. 
(Received  4  September  1986  by  J.  Tauc) 


Praseodymium  phosphate  and  dysprosium  phosphate  glasses  with  compositions 
xLnoOgG-xjPoOg  have  been  synthesized  and  analyzed  to  be  in  the  x  =  0.16-0.30  ranee. 
Their  structures  have  been  studied  by  infrared,  far  infrared  and  laser  Raman 
spectroscopy,  and  the  dependences  of  the  magnetic  and  thermal  properties  of  the  glasses 
on  stoichiometry  and  structure  have  been  investigated. 
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Introduction 

The  characteristics  of  glasses  containing  high 
concentrations  of  rare  earth  ions  are  of  considerable  interest 
for  applications  in  optical  data  transmission,  detection, 
sensing,  and  laser  technologies.  Such  glasses  can  have  high 
magnetic  susceptibilities  and  strong,  sharp  electronic 
absorptions  in  the  ultraviolet  to  near  infrared  region,  and 
thus  may  be  useful  as  Faraday  rotator  modulators,  optical 
isolators,  fiber  lasers,  and  optical  signal  couplers. 

While  there  are  many  complex  multicomponent  rare 
earth  glasses,  phosphates  hold  special  interest  as  binary 
rare  earth  glasses  of  variable  composition  whose  properties 
can  be  changed  systematically.  Segal  and  coworkers 
have  reported  the  magnetooptic  properties  of  one 
composition  of  each  of  the  rare  earth  phosphates,  but  to  gain 
control  over  such  materials  it  is  important  to  determine  how 
the  spectral,  magnetic  and  thermal  characteristics  vary  with 
composition.  We  report  the  synthesis,  analysis  and  key 
features  of  the  laser  Raman  and  infrared  spectra,  the  glass 
transition  behavior  and  the  magnetic  susceptibilities  of  the 
binary  glasses  xPro03( l-x)P205  and  xDy^Cty  l-xlPo0-. 
with  x  in  the  0.  f8  to  0.30  range.  These  lanthanide 
elements,  Pr  and  Dy,  were  chosen  in  order  to  include  both 
large  and  small  valence-stable  rare  earth  ions,  since  cation 
size  is  an  important  determinant  of  the  glass  forming 
regions  of  rare  earth  glasses,  and  to  include  ions  with  both 
high  and  low  free  ion  magnetic  susceptibilities,  x.  since  the 
Verdet  constant  depends  strongly  on  x- 


Experimental 


Glasses  with 


compositions  xPro03(  1-xiPoOp> 
(x  =  0.18-0.28)  and  xDyoOot  1-x >Po0r  ix  =  0.24-0.29)  have* 
been  obtained  from  99.9^  Pr^CO^i^,  99.99*3,  DyoiC03i3 
and  99.9*3;  ^2^3  quenching  in  air  melts  of  mixtures  of 
Lno<C03)3  and  P.>0^  that  were  heated  m  covered  Pt 
crucibles  at  1400®C  for  one  hour.  A  wide  range  of  ratios  of 
amounts  of  starting  materials  were  used  in  attempts  to 
prepare  glasses  outside  of  the  x  =  0.2-0. 3  composition  range, 
but  the  only  resultant  homogeneous  vitreous  materials 
formed  by  this  method  fell  in  that  range.  All  reported 
materials  were  examined  by  x-ray  diffraction. 

The  elemental  compositions  were  determined  to  within 
-  0.01  weight  percent  bv  electron  microprobe  analysis.  The 


microprobe  data  were  measured  with  a  Cameca  Microprobe 
using  a  l5kV  -  lOnA  beam  at  a  40°  take  on  angle.  The 
glass  transition  temperatures.  Tg.  were  measured  unaer  N-, 
on  a  DuPont  9900  DTA/DSC  thermal  anaiyzer  on  anneaiea 
samples  in  Pt  cells  with  Aln03  as  the  reference.  Magnetic 
susceptibilities  were  measured  at  25  °C  on  a  Faraday 
balance  with  a  field  strength  of  10.40kOe  and  field  gradient. 
HtdH/dz),  of  17.93.  Raman  spectra  were  measured  on  a 
Spex  1403  spectrometer  with  5l4.5nm  Ar  ion  laser 
radiation  using  the  90°  scattering  geometry.  Infrared 
measurements  were  made  on  a  Digilab  FTS-15B  as  KBr 
pellets  from  3800-4()0cm“ 1  and  as  low  density  poiyethvjene 
pellets  i50-500cm_i).  Spectral  resolution  was  2  cm'*  or 
better  in  all  cases. 


Results  and  Discussion 


The  microprobe  analyses  of  the  glasses  formed  showed 
them  to  have  the  compositions  listed  in  Table  1.  Since  the 
analysis  of  40  randomly  selected  0.15y  regions  on  eacn 
glass  gave  identical  results  and  x-ray  diffraction  and  Raman 
spectra  gave  no  evidence  of  crystallinity,  these  materials  are 
amorphous  and  are  homogeneous  with  no  possible  phase 
separation  at  a  level  greater  than  about  0.07u. 

The  range  of  compositions,  approximately  \  =  0.2  to 
x  =  0.3  for  xLnoOqi  1-x'PoO-.  corresponds  to  glasses  with 
P:0  ratios  of  0.348  to  0.318.  At  x  =  0 . 2  5  this  ratio  is  0.333 
and  the  glass  has  the  metaohosphate  composition.  While 
there  are  several  possible  structural  types  at  ’h:s 
composition,  tPD3'n  ^  chains  dominate  in  a.xaii 
metaphosphate  glasses.'5  At  values  of  \  beiow  0.25.  >cme  of 
the  ring  and  bridge  structures  of  Pr»0-  >nouid  be  present 
along  with  i PO ^ i n  chain  segments  in  the  network.  When  x 
exceeds  0.25.  the  phosphate  portion  of  the  network  is 
expected  to  be  composed  of  shorter  chains  and  to  approach 
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ion  at  x  =  0.33. 


Thus,  this  composition  region  includes  glasses  wnos»» 
network  structures  should  range  from  partial  ring-parti. u 
chain,  to  long  chain,  to  short  chain  in  character.  The 
experimental  questions,  once  the  glass  formation  region  i> 
defined,  are:  whether  these  structural  coniectures  are 
supported  bv  spectroscopic  data,  now  tnev  and  the 
properties  of  the  rare  earth  ions  affect  the  glass  transition: 
and.  how  the  structure  and  composition  ire  related  to 
magnetic  properties  ot  the  glasses 
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RARi:  EARTH  PHOSPHATE  CLASSES 


The  Raman  and  infrared  spectra  of  all  glasses  in  these 
series  were  obtained,  and  those  of  three  xPr^O^i  l-x)Po0^ 
glasses,  selected  to  represent  the  results  over  the  range  in  x. 
are  in  Figures  1  and  2.  The  complete  spectra  and 
vibrational  assignments  will  be  reported  elsewhere.  The 
spectra  exhibit  major  variations  as  a  function  of  rare  earth 
concentration,  x.  over  the  x  =  0.202  to  x  =  0.2S4  range. 
These  are  evident  in  the  1200-1400,  650-1150  and 
600-800  cm"  ,  as  well  as  lower  frequency  regions  of  the 
Raman  spectra  in  Figure  1.  For  comparison,  the  x  =  0.202 
spectrum  is  repeated  as  a  dashed  line  without  offset  relative 
to  that  of  x  =  0.234. 


200  400  600  800  1000  1200  1400  1600 

Wavenumber  (cm-1) 


Figure  1.  Raman  spectra  of  xPro0^  (l-xlPoO^  glasses  at  x 
values  noted  for  solid  lines.  The  dashed  Tine  repeats  the 
x  =  0.202  spectrum  without  offset. 


The  change  in  frequency  and  relative  intensity  of  the 
band  maximum  at  1265  cm-  to  a  shouider  at  1220  cm" 
with  a  change  in  x  of  0.082  is  quite  dramatic.  It  and 
analogous  results  for  Dy-based  glasses  reveal  changes  that 
are  great  enough  to  serve  as  an  analytical  probe  to 
determine  the  composition  of  rare  earth  phosphate  glasses  to 
an  accuracy  of  at  least  ±0.01  in  x.  Hand  contour  analysis 
shows  that  this  feature  is  not  due  to  one  band  shifting  but  to 
the  chancy  in  relative  intensity  of  two  bands,  at  ca  1285  and 
1220  cm  *.  whose  convoluted  oand  maximum  shifts.  These 
bands  are  due  to  the  asymmetric  POo  stretch  of  P(K  units 
in  the  chain  but  different  bonding  conhgurations  relative  to 
the  jare  earth  ions.  As  x  increases  a  shoulder  at  ca  1X50 
cm  due  to  stretches  of  uncoordinated  P  =  ()  units, 
disappears,  and  the  strongest  hand,  due  to  the  Vi )  •> 
symmetric  stretcn  broadens  and  shots  from  1188  cm  *  to 
iownr  froqjencv.  In  Uv-hasea  glasses,  containing  trie 
smaller  but  idenucaiiv  charged  I)v  '*  j>>n.  this  band  i>.  at 
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ind  decreases  analogously  Part  u,*  the 
"  *  cm  ‘  p*Mk  is  due  to  the  iri'Ti-  im-  m 
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Figure  2.  Infrared  spectra  of  xPr^Q^i  1-x >PoO^  glasses,  at  x 
values  noted,  in  the  400-1600  cnT:  region.” 


These  spectral  chances  are  consistent  with  the 
structural  hypotneses  discussed  above.  The  interpretation  is 
supported  further  by  the  behavior  of  the  lower  frequency 
Raman  bands  and  by  the  infrared  spectra  above  400  cm’*, 
which  are  shown  in  Figure  2.  The  Raman  band  at  670 
cm  1  in  the  x  =  0.202  glass,  is  assigned  to  a  predominately 
P-O-P  stretching  mode  involving  unperturbed  chain  and 
residual  ring  units  in  the  PnO-  -  rich  glasses.  It  appears  at 
640  cm  in  pure  P->0-  glass,  m  wmch  there  are  no  cation 
perturbations  and^the  chain  structure  is  not  dominant,  and 
above  700  cm"  in  glasses  near  the  metapnosDhate 
composition.  It  decreases  m  intensity  and  is  replaced  pv  the 
band  at  ca  715  cm-1  when  x  exceeds  0.238.  Thus,  the 
decrease  of  this  band  from  one  of  the  strongest  m  this 
spectrum  to  one  of  essentially  zero  intensity  occurs  with  a 
change  in  x  of  as  little  as  0.036,  and  provides  an  excellent 
probe  of  stoicmomeirv  and  structure  near  the 
metaphosphate  composition. 

The  infrared  spectra  above  4  00  cm-1  contain  a  number 
of  strong,  extensively  convoluted  bands.  While  thev  reriect 
t onipo.Mimn  uniquely,  most  of  the  tuna  shape  chances  are 
less  dramatic  tr.an  those  m,  the  Raman.  However,  the 
growth  of  the  1170  cm  1  hand,  duo  *o  increased 
concentration  of  P00  end  erouDs  as  the  phosphate  cnain 
becomes  shorter  when  \  increases,  is  evidenced  bv  its 
change  from  a  small  sr.ouider  at  \  =  0.202  to  a  strong  band 
at  x  =  0.28  4.  Moreover,  the  shift  of  the  '•tronc  rPOv 
asvrpmetric  stretching  hand  structure  from  1280  to  1250 
err.  i*'  clear  and  consistent  with  the  Raman  maivses 
di*-cusM.‘d  above  Detailed  band  analysis  irveais  ijditionai 
features,  including  the  growth  nl  '»MI  .md  720  cm  ‘  :  ands. 
wmch  are  consistent  wrh  these  assignments  ()\eraw.  : :>• 
vibrational  Mivctra  ‘•how  that  mator  *dructu:  ai  i  ::  mgvs 
occur  in  the  \  -  'f  2  t"  0  ;  range.  !  he\  ate  <  •  nsistor.t  wor, 

the  network  v  irvir.g  from  partial  iine-t*.mi.u  .  rua  * . . 

•  ham.  t.«  ‘•hort  chain  ir.  character  W  h«*re  i  i-rr.c  at, it-.-  data 
are  available  t**r  iir.ah  and  aih.iitne  earth  |  omm  r.  \  *  ■  s  tm 
!’  m.  |vs;.-r.:r'  nt-  ai-<>  dv  ,  ..omsot.!  . . 
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Table  1 

Magnetic  Susceptibilities  of  Rare  Earth 
Phosphate  Glasses 


xPr„0.,U-x>P205 

xDy 

o03«  l-xiP.,0* 

X 

X  1  10-,1emu.  moi/ 

X 

X'  10  ~  emu  moi 

0. 188 

1.90 

0.240 

2.33 

0.202 

1.98 

0.262 

2.54 

0.216 

2.13 

0.277 

2.62 

0.222 

2.25 

0.2S9 

2.76 

0.238 

2.3fi 

0.298 

2.83 

0.284 

2.86 

The  values  of  the  magnetic  susceptibilities,  x-  given  in 
Table  1  are  in  units  of  emu  per  mole  of  glass  compound 
formulated  as  xLn^Oo!  1-xjPoO-,  so  the  number  of  Ln  ° 
ions  per  mole  increases  with  x.  When  these  data  are  plotted 
it  is  seen  that  x  varies  nearly  linearly  with  x.  The  slope  of 
the  best  tit  line  which  also  includes  x  ”  0  (i.e..  x  s  L\10~'J 
for  diamagnetic  susceptibility)  at  x  =  0  is  0.950x10"°  emu 
(mol  glass*"1  'mol  LnoO^T1  for  the  Dy-contaimng  glasses 
and  1.01x10"°  for  those  containing  Pr.  The  only 
paramagnetic  species  present  are  the  Ln  ions,  so  their 
magnetic  moments  can  be  obtained  from  x  using  Moff  = 
2.626  'xT'1  ~  if  the  x  values  are  normalized  for 

composition.  This  gives  u ^  Dy»  =  10.62  BM  and  (Pr) 
-  3.46  BM  at  29SK.  These  may  be  compared  to  the  ueff 

1  '2 

values  expected  from  giJ(J+  1)]  '  ,  which  are  10.64BM  for 


primarily  to  the  fact  mat  the  smauer  Dv  ton  exerts  a 
stronger  electrostatic  held  on  the  network  and  increases  the 
worn  required  to  overcome  mterionic  torces  and  aiiow  th^ 
network  segments  to  rearrange  at  the  glass  transition. 
Second,  in  noth  cases  Tg  increases  with  x.  This  ia  oue  to 
trade  offs  between  '•evera;  effects.  As  x  increases  above 
0.25.  the  traction  ef  P  atoms  participating  m  terminal 
charged  PO^  units  increases  and  me  cnamsmecome  snorter. 
With  the  same  variation,  the  ratio  ot  Ln  '  to  pnospnate 
increases  and  the  numoer  r-f  tome  crosslinking  interactions 
per  mole  increases.  Both  the  increase  in  the  fraction  of 
shorter,  suffer  chains  ana  me  increase  m  strong  ionic 
crosslinks  serve  to  increase  Tc.  A  smaller  counteracting 
trend  is  a  decrease  in  P-O-P  crossunking  as  x  increases,  but 
there  are  few  nne-and  crosslink-structures  involving  such 
bonds  above  x  =  U.2  4.  so  their  decrease  is  not  a  major 
effect. 

The  far  infrared  spectra  of  the  glasses  reflect  the 
changes  in  the  M  '‘-network  interaction  as  x  is  varied.  As 
shown  in  Figure  4.  me  oana  structure  aut?  to  vibrations  of 
the  cation  relative  to  its  neigr.Dormi;  pnospnate  network 
sites  appears  in  :h*  150-275  cm'1  region.  In  alkali 

metaDho^onates  this  cation-mouon  r.aiia  is  at  J02  cm  '  for 
CsPOo..  tor  example,  ana  increases  to  212  cm  1  for  V«PO~, 
ln  M  and  M  *  mctapnostd'.au*  ‘••.Ties.  general,  v.  a 
decreases,  with  canon  mass  ana  . -ureas. -s  wit:;  \:t:on 
charge. Among  metannu-pnatev  w  ;m  cations  o'  .rra.ar 
mass  but  increased  charge,  tne  nano  increases  in  tmuency 
from  102  cm  *  for  Cs  133  amu  to  '.  »i>  m  ‘  :  B,i  ~ 
‘137  amu*  and.  as  shown  ir.  Figure  4.  to  l  70-2  1  5  for 

Pr  ''141  amu  •. 


*1 


W' 
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the  ^  state  of  Dv  ^  and  3.58BM  for  the  state  of 

Pr  '  .  The  linear  variation  of  x  with  x  and  the  comparison 
of  calculated  and  observed  values  of  show  that  neither 
the  ligand  held  of  the  phosphate  network  nor  any 
intercatiomc  coupling  is  great  enough  to  hit  the  *  2J  +  1  >-fold 
degeneraev  of  the  ion  states  and  that  both  are  relatively 
small. 

The  glass  transition  temperatures,  plotted  in  Figure  3. 
are  found  to  vary  linearly  with  x  in  each  case  and  show  two 
trends.  First.  Dy-contaimng  glasses  have  higher  Tg's  at 
each  value  of  x  than  do  the  Pr  glasses.  This  is  due 
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to  cation-network  stretches  in  which  the  network  segments 
are  PO^  units  in  iPOo.*n  chains  and  carry  a  net  charge  of 
-1,  white  those  near  220  cm'  involve  terminal  PO^  units 
carrying  a  cnarge  of  -2.  Clearly  the  cation-network  forces 
reflected  in  the  far  infrared  increase  with  x.  as  does  Tg. 
The  spectra  of  Dy  glasses  are  similar  to  those  of  Pr  glasses, 
although  broadened  to  higher  frequency.  This  is  due  to  the 
fact  that  while  Dy  is  some  24  amu  heavier  than  Pr  it  is 


smaller  and  has  a  higher  charge  to  radius  ratio. 
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SOL-GEL  PREPARATION  OF  RARE-EARTH  SILICATE  GLASSES 
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Rare-earth  silicate  glasses  have  been  obtained  by  a  sol-gel  method  starting  with  the  rare  earth 
carbonates  of  Pr.  Dv  and  Er  and  TEOS  (tetraethoxysilane).  Expressed  in  the  form  x  Ln  -0,(1  - 
x  ;SiO;.  the  glasses  have  compositions  in  the  range  x  =  0.009  to  0.052,  which  corresponds  to  0.9  to 
5.2  mol'J  or  up  to  23  wt^  rare  earth  oxide  as  determined  by  electron  microprobe.  The  glasses  were 
produced  by  densification  at  800°  C.  Infrared  and  visible  spectra  and  magnetic  susceptibilities  arc 
reported. 


1.  Introduction 

The  characteristics  of  binary  silica-based  rare-earth  glasses  are  of  particular 
interest  for  optical  applications  in  which  silica-based  materials  with  large 
Verdet  constants  and  lasing  ability  are  required.  This  is  especially  important  in 
optical  fiber  technology,  where  binary  rare-earth  silicates  are  needed  to  create 
nonreciprocal  devices,  such  as  isolators  and  circulators,  and  magnetic  field 
sensors.  Of  course,  glasses  with  these  compositions  also  are  of  interest  in 
geological,  chemical  and  other  optical  fields. 

Due  to  the  extremely  high  melting  points  of  rare-earth  oxides  and  SiO:. 
however,  the  preparation  of  binary  rare-earth  silicates  from  melts  requires 
temperatures  of  1800°C  or  higher.  Moreover,  the  melt  method  is  limited  to 
compositions  for  which  quench  techniques  are  sufficiently  fast  to  avoid  phase 
separation  problems.  This  has  caused  experimental  difficulties  and  often  leads 
to  low-quality  glasses  [1], 

The  sol-gel  method  provides  an  approach  to  obtaining  binary  rare-earth 
silicates  as  pure,  homogeneous  glasses  at  much  lower  temperatures  than 
required  by  conventional  melt-quench  techniques.  There  have  been  several 
attempts  to  prepare  such  glasses  using  sol-gel  methods.  Mukheqee  et  al.  |2| 
prepared  glasses  by  melting  compositions  which  were  present  originally  as 
crystalline  materials  or  gels,  so  gels  were  involved,  but  since  melting  was 
required  these  cannot  be  considered  sol-gel  glasses.  Wang  and  Dench  |J) 
reported  the  preparation  of  sol-gel  derived  silica  optical  filters,  using  the 
IX  C  A  approach,  including  a  rare-earth  silicate  described  as  a  "IT  ( mol'7  )  Nd 
silica  gel  heated  to  ,xs()JC"\  However,  it  carefully  was  not  described  as  a  glass, 
and  its  visible  spectrum  was  found  to  differ  significantly  from  that  ol  the 
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for  the  evolution  of  most  of  the  CO;.  This  solution  was  added  dropwise  over 
10-15  min  to  a  stirred  solution  made  bv  mixing  10.00  g  of  TEOS  and  10  g  of 
absolute  ethanol.  This  corresponds  to  0.004  mol  Pr'J  and  0.048  mol  Si.  and 
should  lead  to  a  glass  of  composition  0.04Pr;O,  •  0.96SiO:.  Its  elemental 
analysis,  when  dried  and  densified.  showed  it  to  be  0.052Pr;0,  •  0.94XSiCh. 

All  glasses  were  examined  by  X-ray  diffraction  and  shown  to  be  amorphous. 
The  elemental  compositions  of  the  glasses  were  determined  to  within  -0.0) 
wt^  by  electron  microprobe  analysis,  calibrated  with  accuratelv  known  stan¬ 
dard.  The  microprobe  data  were  measured  with  a  Cameca  Microprobe  (take 
off  angle  40°)  at  an  excitation  voltage  of  20  kV  and  beam  current  of  15  nA. 
Infrared  spectra  were  obtained  on  a  Digilab  FTS-15B  spectrometer.  The  KBr 
pellet  technique  was  used.  At  least  200  scans  at  a  resolution  of  2  cm  1  were 
signal-averaged.  Magnetic  susceptibility  measurements  were  performed  on  a 
Faraday  Balance  equipped  with  a  Cahn  electrobalance  (model  RG)  at  room 
temperature.  Measurements  were  made  at  field  strength  10.40  kOe  and  field 
gradient,  H{dH/dz).  of  17.93.  Thermal  gravimetric  analysis  (TGA)  was 
performed  on  a  System  113  thermal  gravimetric  analyzer.  Visible  absorption 
spectra  were  obtained  on  a  Cary  17  LV/  Visible  spectrophotometer. 

3.  Results  and  discussion 

The  lanthanide  silicate  glasses  prepared  by  this  method  were  designed  to 
have  0.9  to  5.2  molrc  rare  earth,  where  the  molS  is  given  by  .v  in  the  formula 
xLn;0,(l-.x)SiO;.  When  they  were  analyzed  after  initial  densification  at 
600  °C,  with  about  2  h  at  800  °C.  the  lanthanide  and  silicon  concentrations 


were  slightly  less  than  expected.  The  materials  contained  from  0.2  to  6  wtT  of 
another  component,  which  was  assumed  to  be  H-O.  since  no  chlorine  was 
present.  Samples  of  these  materials  were  studied  by  thermogravi metric  analy¬ 
sis  and  found  to  give  off  volatiles  constituting  this  weight  percentage  in  the 
800-850 °C  range  when  heated  over  about  3  h.  Therefore  the  glasses  were 
heated  further  at  800 °C  for  10  h  and  newly  analyzed  by  electron  microprobe. 

Each  glass  was  analyzed  at  10-40  randomly  selected  20  gm  regions.  The 
analysis  at  each  spot  on  a  given  sample  gave  identical  results.  The  composi¬ 
tions  were  determined  to  an  accuracy  of  ±0.01  wtT  and  are  gixen  in  table  1. 
All  analvses  accounted  for  99.5  ±0.5  wtT  of  the  glasses  in  terms  of  Ln.O, 
and  SiO:,  and  are  given  in  table  1  in  terms  of  \  in  a  I  n  ,0,(1  -  v)SiO, 

The  fact  that  the  glasses  were  X-ray  amorphous  and  (lie  fact  that  all  20  jun 
spots  gave  identical  anahses.  show  that  these  materials  are  amorphous  and 
homogeneous,  with  no  possible  phase  separation  at  a  level  greater  than  ca  20 
jirn. 

The  mlrared  and  ultraviolet-visible  spectra  of  the  glasses  were  measured 
The  infrared  spectra  of  one  of  the  glasses.  \F.r:(),tl  -  vlSiO..  \  =  o,035. 
taken  both  after  initial  and  final  densification.  are  shown  in  the  50(1-180(1 
cm  1  region  m  tig.  1.  The  spectrum  of  the  class  taken  after  treatment  at 
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1220  cm-1.  However,  the  shapes  and  relative  intensities  of  these  bands  differ 
somewhat  from  those  of  SiO;,  of  course,  due  to  the  presence  of  the  rare-earth 
ions,  but  no  new  separate  bands  are  introduced.  This  is  shown  in  fig.  2.  where 
the  450-1400  cm-1  spectra  of  a  series  of  dysprosium  silicate  glasses  with 
increasing  Dv  content  are  presented.  The  main  regions  of  interest  are  600-640 
cm-1,  where  the  absorbance  decreases  slightly  as  Dv*3  ions  are  introduced, 
and  near  900  cm'1,  where  the  absorbance  increases  significantly.  On  close 
inspection  of  the  spectra  in  fig.  1  and  analogous  spectra  in  which  the 
rare-earth  content  is  constant,  it  is  seen  that  the  decrease  occurs  near  620 
cm"1  as  densification  occurs,  but  that  no  increase  occurs  near  900  cm"1. 
Thus,  we  believe  that  the  small  decrease  in  the  600-640  cm"1  region  is 
associated  with  the  network,  and  that  the  increase  at  920  cm ' 1  is  due 
primarily  to  the  presence  of  the  rare-earth  ions.  Since  the  870-930  cm  1 
region  is  quite  typical  for  the  infrared  active  M-O  stretch  of  oxygens  bound  to 
highly  charged  metal  ions  [7],  the  absorbance  increase  at  920  cm  '.  propor¬ 
tional  to  the  Ln*3  concentration,  is  assignable  to  such  a  vibration.  This 
assignment  must  be  taken  to  be  tentative,  however,  in  the  light  of  the 
well-known  complexity  of  silicate  spectra. 

The  glasses  treated  only  to  600  °C  show  evidence  of  incomplete  formation 
of  the  network  and  of  the  presence  of  H.O,  Thus,  in  fig.  1(a)  the  band  at  1620 
cm'1  is  due  to  the  H-O-H  bending  mode.  It  is  largely  removed  by  extended 
heating  at  800°C,  as  shown  in  fig.  1(b).  In  regions  not  shown,  the  6()0°C 
treated  glass  also  shows  the  presence  of  water  bv  a  broad  absorbance  in  the 
3000-3700  cm  "1  region,  which  is  lost  upon  treatment  at  S00°C. 

The  usefulness  of  a  glass  as  a  Faraday  rotator  depends  on  both  its 
absorption  spectrum  and  its  magnetic  susceptibility.  The  visible  absorbance 
spectrum  also  serves  as  a  basis  for  comparision  of  the  ligand  fields  of  the 
rare-earth  ions  in  these  glasses  with  those  in  melt-quenched  glasses  containing 
them.  Although  exact  comparisons  are  not  available,  spectra  of  rare  earths  in 
glasses  with  other  networks  can  be  used.  The  spectrum  of  one  of  the  erbium 
silicate  glasses  is  shown  in  fig.  3.  The  hands  correspond  to  the  transitions 
assigned  in  table  2  and  compared  to  the  bands  reported  for  erbium  borate- 
glasses  [8|.  They  correspond  quite  closely,  as  do  those  of  the  praseodymium 
silicate  glass  to  the  transitions  found  in  Pr* '  in  the  melt-prepared  phosphate- 
glasses  [9],  This  result  can  be  contrasted  to  the  situation  in  Nd  gels  reported  bv 
Wang  and  Hench  [3],  who  found  that  the  spectrum  of  the  gel  was  quite 
different  from  that  of  the  melt-quench  glass.  Thus,  in  the  sol  gel  prepared 
glasses  reported  here,  the  optical  absorptions  of  the  rare-earth  ions  are  as 
expected  for  fulls  formed  glasses. 

The  magnetic  properties  of  the  rare-earth  glasses  are  central  to  their 
potential  application.  Hie  magnetic  susceptibilitx.  \.  is  strongh  related  to  the 
Verdet  constant,  which  measures  the  magnitude  of  the  I  arndas  effect.  1  he 
magnetic  susceptibilities  of  these  sol  eel  prepared  glasses  are  presemed  in 
table  1.  I  he  values  of  y  reported  here  are  corrected  for  diamaenetic  contribu¬ 
tions,  and  represent  the  paramagnetic  susceptibilities  associated  with  the 
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magnetically  in  the  network  at  room  temperature.  This  is  the  expected 
behavior  for  rare-earth  sons,  whose  magnetic  properties  are  due  pnmanlv  to 
unpaired  electrons  in  f  orbitals.  The  magnetic  moments  are  quite  close  to  those 
expected  for  the  3H4  state  of  Pr-1"3.  the  :  state  of  Dy  and  the  4I,«  - 
state  of  Er*3  [10]. 

The  key  to  success  in  this  sol-gel  method  involves  control  of  the  introduc¬ 
tion  of  the  rare-earth  ions.  Analogous  preparations  in  which  there  was 
significantly  more  H-O  or  in  which  the  rare-earth  ions  were  introduced  as 
their  soluble  chlorides  or  nitrates  were  not  successful.  Moreover,  if  the  initiallv 
dissolved  rare-earth  carbonate  was  allowed  to  stand  in  air  for  more  than  1  h. 
the  efficiency  of  introduction  of  the  tons  (the  concentration  attainable)  de¬ 
creased  significantly.  From  these  results,  we  infer  that  the  release  of  CO-  b\ 
acidification  of  the  carbonate,  under  the  conditions  used,  leases  the  rare-earth 
ions  essentially  as  hydrated  ions  which  do  not  form  hydroxides,  because  of  the 
acidity,  or  other  unreactive  or  insoluble  ions,  within  the  time  required  for 
addition  to  the  alcoholic  1  EOS  solution.  Thus,  the  key  seems  to  be  to  obtain 
ions  in  concentrated  solution  (so  there  is  as  little  water  as  possible i  and  to 
react  them  with  TEOS  before  they  undergo  reactions  with  Cl.  H  O  or  O-  to 
form  unreactive  complexes.  The  stoichiometrv  is  crucial  as  well,  because 
increasing  the  amount  of  H-O  used  to  dissolve  the  rare-earth  ion  serves  to 
limn  the  concentration  of  Ln'3  in  the  glass  by  increasing  the  amount  of  TEOS 
solvolyzed.  Thus,  the  stoichiometry  and  the  kinetics  of  the  initial  stages  of 
reaction  must  be  controlled.  Recognizing  the  importance  of  the  metal  ion 
coordination  chemistry  is  even  crucial  to  preparing  transition  metal  silicate 
glasses. 

The  analysis  of  these  materials  not  only  provided  the  Ln  *.  Si  and  O 
contents,  it  also  showed  that  no  C  or  Cl  remained  in  the  glasses.  This  means 
that  HC1  is  lost  completely  and  that  the  heating  schedule  leads  to  complete 
evaporation  of  the  ethanol  present  both  as  solvent  and  as  a  product  of 
solvolvsis  of  the  TEOS.  The  water  present  in  the  system  was  lost  more  sloulv. 
as  indicated  bv  the  fact  that  the  last  0.2  to  6  wtv  was  removed  at  sniCc'. 
Presumably  it  also  would  be  removed,  hut  more  slowly,  at  MmCC. 

In  this  work  the  objective  was  to  prepare  glasses  of  controllable  composi¬ 
tion  m  the  0-6  molT  Ln-O,  range  bv  a  sol- gel  method,  and  it  was  found 
possible  tv'  do  so  without  heating  above  S00°C.  Such  lanthanide  concentra¬ 
tions  represent  the  range  over  which  a  region  in  an  optical  fiber  would  be 
expected  to  vary  as  it  progresses  radiallv  from  a  concentrated  region  tv'  a  pure 
silica  remon.  Moreover,  it  is  near  a  eutectic  at  which  congruent  melting  could 
occur  without  phase  separation,  including  that  vine  to  iiquid  liquid  micro- 
phase  separation.  Since  it  was  not  the  ohiecuve  tv'  make  monolithic  structures, 
the  gel  was  broken  up  from  time  tv'  time  during  densiticution  (after  gel 
lorniatinni  to  enhance  evaporation  of  volatile  components.  I  his  is  not  neces- 
s.irv  m  principle.  m>  other  macroscopic  lorms  are  possible  The  materials 
"In. imcd  lanced  Irom  small  panicles  tv'  pieces  about  tfg  stu  m  diameter. 
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Binary  uranium  silicate  and  thorium  silicate  glasses  have  been  obtained  by  a  sol-gel 
method  starting  with  the  oxides  and  TEOS  (tetraethylorthosilicate).  Expressed  in  the  form 
xMa0^(l-x)Si09,  the  glasses  fall  in  the  range;  0.0017  to  0.047,  which  corresponds  to  0.17 
to  4.68  mole  percent  and,  for  uranium  up  to  19  weightfc  UO^-  as  determined  by  electron 
microprobe.  These  elements  were  incorporated  as  U(VI)  (in  the  UOr,  "  form.!  and  Thi'IV'. 
The  glasses  were  produced  by  densification  at  temperatures  of  700°  C  or  less.  Partial 
crystallization  of  uranium  silicate  occurs  on  heating  at  S00°  C  or  above.  The  infrared  anc 
visible  spectra  are  reported. 


Introduction 


One  approach  to  storing  uranium,  plutonium  and  other  actinides  from  partially  spent 
fuel  in  fission  reactors  is  to  incorporate  in  glasses  the  portion  that  cannot  be  recycled 
usefully.  The  requirements  for  a  successful  glass  system  are  demanding,  and  include  high 
chemical  stability  of  the  initially  formed  glass,  long  range  containment  of  the  actinides  and 
of  the  materials  formed  during  the  decay  of  the  actinides  and  their  fission  products,  and 
compatibility  with  other  elements  placed  into  the  glass.  Optimizing  a  complete  storage 
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system  demands  consideration  of  many  other  factors  as  well  ■  1  .  One  sucn  factor  is  the 
glass  forming  process  itself,  which  must  be  carried  out  so  that  the  elements  are  contained 
during  processing.  That  as  well  as  other  materials  and  energy-related  issues  tend  to  make 
high  temperature  melt  quench  or  glass  sintering  processes  complex  and  costly. 

It  would  be  advantageous  to  have  a  low  temperature,  atmospheric  pressure  way  of 
preparing  stable  glass  containing  actinides,  lanthanides  <  2 '  and  other  elements  present  in 
nuclear  waste,  and  the  sol-gel  method  is  one  obvious  choice.  To  this  end  a  number  of  ways 
of  ion  exchanging  metal  ions  on  silica  surfaces  1 3  >  coprecipitation  and  coagulation  of 
colloids,  and  use  of  mixed  network  glass  forming  solutions  ’4,  5»  nave  been  investigated.  It 
seems  dear  that  both  for  storage  purposes  and  to  obtain  materials  in  which  the  role  of  the 
metals  can  be  studied,  it  would  be  advantageous  to  have  a  way  to  prepare  stable 
homogenous  binary  actinide  silicate  glasses  with  a  method  which  does  not  require  the  use 
of  reagents  that  are  difficult  to  handle,  containment  conditions  that  are  hard  to  attain,  or 
temperatures  that  can  lead  to  vaporization  of  the  actinides.  In  principle  it  is  possible  to 
achieve  this  by  using  sol-gel  techniques,  but  no  binary  silicate  glasses  of  this  type  have 
been  reported  to  our  knowledge. 

In  this  paper,  we  report  the  preparation  of  homogeneous  binary  uranium  and  thorium 
silicate  glasses  by  sol-gel  methods.  The  chemistry  employed  to  make  tr.e  uranium 
silicates  containing  UO9  "  units  should  be  applicable  to  Np.  Pu  and  Am,  as  well,  since 

_  9 

they  also  form  MO.->  “  species  16;.  The  chemistry  of  Th  1  and  Pa  is  enough  different  from 

that  of  U  that  a  slightly  modified  sol-gel  method  has  been  employed  to  obtain  binary 
thorium  silicate  glasses. 

Glasses  with  the  formal  composition  xlfOo- ■  1-x  S1O0  have  been  prepared  m  the 
range  0<xs0.047.  or  up  to  about  5  mole  percent  UOn.  This  ranee  corresponds  to  0-15.9 
weight  percent  UOo  or  0-13.5  weight  percent  uranium.  A  3  mole  percent  glass  of  this 
type  would  be  (UO-,  O*  19  SiO.->.  Thorium  glasses  have  been  prepared  in  the  range  0  <x 
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s  0.0319,  or  to  about  3  mole  percent. 

The  uranium  glass  synthesis  has  been  designed  to  incorporate  the  element  in  the  -*-6 
formal  oxidation  state,  since  U  +  ^  is  easily  oxidized  to  U  4  by  air,  U  4  can  be  oxidized 
readily  and  U"*"0  is  quite  stable  in  the  form  U09  The  well  known  stability  of  UOg 
is  ascribed  to  the  unusually  strong  U-0  bonds  in  the  linear  (J-U-0  structure.  The  design 
also  is  based  on  the  approach  to  sol-gel  binary  silicates  we  developed  for  the  preparation  of 
lanthanide  silicates  (2).  It  involves  the  reaction  of  U09  ior  other  sources  of  the  well  known 

O 

9 

uranyl  ion,  U09  ”,  and  0,  such  as  UOrjCOg^HgO)  with  tetraethvlorthosilicate  <Si(OR)4 

R  =  C0H5i,  and  H90.  via  the  overall  reaction,  stated  for  UOg  in  a  form  which  highlights 

4-  O 

the  presence  of  ’  09 

UOg  +  y  Si(OR)^  +  2yH90  -  lUOglO •  ySiOg  +  4vROH 

While  this  is  a  straightforward  approach  in  principle,  it  is  important  to  recognize  that 
a  number  of  competing  proceses  can  occur  as  the  gel  is  formed  or  transformed  to  glass. 
They  could  lead  to  the  presence  of  lower  valent  oxides  in  the  glass  or  as  separate  phases. 

The  preparation  of  the  thorium  glasses  proceeds  more  conveniently  in  a  somewhat 
different  way.  Although  the  oxide.  Th09,  and  certain  carbonate  species,  such  as 
Th(OH)2COg.  2HgO,  can  be  sources  of  the  oxide,  thorium  hydroxide  is  more  appropriate. 
Two  forms  of  "Th'OH^"  can  be  precipitated  from  Th>NOg  ^  solutions  by  alkali  hydroxide 
(7).  One  of  them  is  a  hydrated  amorphous  gel  containing  Th'OH  _j  tetraheara  that  are 
weakly  connected  by  H-bond  bridges.  It  is  stable  thermally,  and,  although  it  can  pick  up 
ambient  C09  to  form  the  hydrated  hvdroxycarbonate.  it  is  readily  soluble  in  HC1. 

Experimental 


The  glasses  were  made  by  combining  two  solutions.  A  and  B.  to  lorm  a  solution,  that 
was  allowed  to  gel  and  then  dried  and  densihed.  Solution  A  was  prepared  by  cissolving 
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TEOS,  tetraethyiorthosiiicate  tor  tetraethoxysilane)  iSi(0CoH- 'Aldrich;  in  absolute 
ethanol.  C9H-0H.  Solution  B  was  prepared  by  dissolving  UO3  'or  ThiOH  >_j  •  zHo0)  in  a 
minimum  of  12M  HC1.  adding  H-,0  and  dissolving  this  solution  in  absolute  ethanol. 
Solution  B  was  added  dropwise  with  stirring  to  solution  A  over  a  period  of  about  5  minutes 
beginning  within  5  minutes  of  preparation  of  solution  B.  The  homogeneous  soiution  which 
was  formed  gelled  in  a  loosely  covered  beaker  in  8-10  hours  at  25°  C.  The  gel  was  cured 
at  25°  C  for  6-14  days.  Then  it  was  heated  slowly  (ca  l°C/min.i  from  25°  C  to  600°  C 
(700°  C  for  Th)  and  held  at  600°  C  for  periods  ranging  from  2  hours  to  64  hours  (700°  C. 
24  hr.  for  Th). 


In  a  typical  preparation  of  the  "5"  mole  percent  glass.  0.7226g  1 2.525  x  10~°  moie'  of 
UO3  was  added  to  l.Og  12M  HC1  and  5.1S4g  H9O  with  stirring  and  allowed  to  react  for 
one  minute.  This  solution  was  added  to  5.0g  absolute  ethanol  to  form  solution  B.  Solution 
B  was  added  dropwise  with  vigorous  stirring  to  a  polypropylene  beaker  containing  soiution 
A,  10.00  g  TEOS  and  5.0  g  absolute  ethanol,  over  a  5  minute  period.  When  addition  was 
complete  the  beaker  was  loosely  capped  and  stirring  was  continued  until  gelation  had 
occurred  (about  8  hours).  The  gel  was  allowed  to  age  on  standing  for  S  days.  The  gel  was 
transferred  to  a  platinum  crucible  and  placed  in  a  temperature  programmed  furnace  whose 
temperature  was  raised  at  1°  C.min.  to  600°  C.  It  was  held  at  600°  C  for  64  hours  and 
the  glass  was  removed  for  analysis.  Electron  microprobe  analysis  showed  it  to  contain 
4.68  mole  percent  UO3.  The  difference  between  4.68  and  the  theoretical  content  of  4.97 
mole  percent  results  from  the  presence  of  some  UOn*  2H90  in  the  L'CG  reactant. 


To  make  thorium  silicate  glasses,  thorium  hydroxide,  "ThiOH'^”.  was  made  from 
thorium  nitrate.  Th(NOg)^ •  4H.->0.  Excess  aqueous  sodium  hydroxide  '0.0b  mol.  2.4g‘ 
was  added  to  an  aqueous  solution  of  5.52 12g  '0.01  mol1  of  thorium  nitrate, 
ThiNO^i^’  4H2O.  with  stirring,  to  produce  the  white  Th'OH^"  zHo0  gei.  The  gel  was 
separated,  washed  with  water  5  times,  and  dried  at  120°  C  for  I  day.  As  discussed 
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above,  this  resulting  material  is  hydrated  Th<OHi4,  but  it  can  become  carboxyiated 
partially  on  standing. 

In  a  typical  preparation  of  the  "3"  mole  percent  thorium  silicate  glass,  0.4453  g 

-3 

(which  corresponds  to  1.4S4  x  10  mole  on  the  basis  of  "ThiOHi^")  was  dissolved  in  1.2  g 
12  M  HC1.  and  5.1S4  g  H.-.0  and  5.0  g  of  absolute  ethanol  were  added  to  form  solution  B. 
Solution  B  was  added  dropwise  over  5  min  to  stirred  solution  A,  made  by  mixing  10.00  g 
of  TEOS  and  5.00  g  of  absolute  ethanol.  The  resulting  solution  (.sol)  gelled  in  about  10 
hours  in  a  loosely  closed  beaker  in  air.  The  gel  was  aged  at  25°  C  for  5  days,  and  then 
heated  to  700°  C  at  a  controlled  heating  rate  of  1°  C/min.  It  then  was  densified  at  700°  C 
for  24  hours  to  convert  it  fully  to  glass.  Electron  microprobe  analysis  showed  it  to  contain 
2.63  mole  percent  ThO->,  as  would  be  the  case  if  the  thorium  hydroxide  corresponded  to 
the  trihvdrate.  Th'OH'4*  3H00. 

The  glasses  were  analyzed  by  x-ray  diffraction,  infrared  and  visible  spectroscopy,  and 
electron  microprobe  techniques.  The  infrared  spectra  were  measured  on  powdered  samples 
dispersed  in  KBr  pellets  using  an  IBM  IR-98  Fourier  Transform  infrared  spectrometer. 
The  visible  spectra  and  near  infrared  300-1400  nm)  were  measured  on  ground  and 

.  O 

polished  thin  glass  sections  of  cross  section  ca  5  mm"  using  a  Cary  17  UV-visibie 
spectrometer.  The  electron  microprobe  measurements  were  made  on  5-20  randomly 
selected  15  micron  spots  using  a  Cameca  Microprobe  (take  off  angle  40°  1  at  an  excitation 
voltage  of  15  KV  and  beam  current  of  10.3-10.6  nA.  The  metal  and  silicon  contents  were 
probed  and  the  compositions  were  calculated  on  the  bases  of  UO^'or  ThOv  and  SiO.->. 
since  oxygen  was  not  measured.  Total  compositions  accounted  for  nearly  100  weight 
percent,  eg  OS. 6-99. 4)  in  the  case  of  uranium  glasses,  using  melt-synthesized 
multicomponent  glasses  for  references. 

Results  and  Discussion 
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The  preparation  of  the  starting  solutions  proceeded  smoothly,  and  the  gels  formed 
with  steadily  increasing  viscosity  until  brittle  solids  were  obtained.  After  aging,  the 
uranium-containing  gels  were  heated  at  1°  C  min  to  600°  C.  to  remove  HoO.  C.->H-OH  and 
HC1.  and  then  heated  at  600°  C  for  2-64  hours.  In  the  case  of  thorium,  the  gels  were 
heated  similarlv  to  700°  C  and  then  heated  at  that  temperature  for  24  hours. 


The  x-ray  scattering  of  powdered  samples  showed  them  to  be  x-ray  amorphous.  The 
compositions  of  the  glasses,  obtained  in  terms  of  their  Th  or  U  to  Si  ratio  by  microprobe 
are  given  in  Table  1.  and  expressed  for  the  dehydrated  samples  on  the  basis  of  MOg  <or 
MOo)  and  SiO->.  The  infrared  spectra  confirmed  that  they  are  nearly  free  of  HoO  and  HC1 
within  the  detection  limits  inherent  to  the  technique  used  to  disperse  a  crusned  powder  in 
KBr  for  measurement  of  the  spectra  of  the  pellets.  This  is  shown  for  the  case  of  the 
USi300  glass  in  Figure  1,  where  the  entire  infrared  spectrum  is  displayed  from  3500-500 
cm-1.  The  expanded  scaie  infrared  spectra  of  the  0.73.  2.90  and  4.6S  mole  percent 
UOg-SiOo  glasses  are  shown  in  the  COO-ISOO  cm-1  region  in  Figure  2.  and  the  visible 
spectra  of  the  latter  two  are  shown  in  Figure  3  in  the  300-600  nm  region.  No  absorption 
bands  were  observed  in  the  600-1400  nm  region. 


The  ultraviolet  visible  spectrum  of  2.90  and  4.6S  mole  percent  UOg*  SiOo  glasses  in 
the  320  -  700  nm  region  exhibit  a  band  centered  at  425  nm  and  the  onset  of  stronger 
absorption  at  shorter  wavelength.  Uranium  ions  have  distinctive  visible  spectral  features, 
which  have  been  analyzed  in  detail  for  the  various  oxidation  states  with  a  wide  range  of 
ligands  in  crystalline,  solution,  gas  phase  and  amorphous  states.  The  common 

_  9 

characteristic  of  systems  containing  uranyl,  L'0.->  “.  ions  is  a  reasonably  intense  doc  e  -~ 

1-2.)  band  centered  in  the  4  10  -450  nm  region.  This  is  widely  observed  in  classes 

—  O 

containing  U09  "  •$).  The  band  appears  at  4l>  nm  peak'maxium'  -,11  nm  t  ar.a  center 


in  aqueous  HCIO,  solutions  '9).  while  in  crystals  or  non-aque^us  solutions  m 


n  verier,  me 


UOo  "  ion  has  associated  anions,  eg.  I'OvNOrn  .  the  band  is  shifted  to 
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wavelengths  with  the  band  center  nearer  to  450  nm  '  10 ».  When  the  nearest  neighbor 
environment  is  ordered,  the  vibrational  structure  of  the  electronic  transition  is  resolved, 
but  when  the  UO.->  ions  are  distributed  over  a  range  of  types  of  neighboring  sites  the 
environment  is  reflected  in  asymmetry  of  the  band.  The  presence  of  a  -omewnat 
asymmetric  band  at  426  nm  thus  is  consistent  with  absorbance  due  to  UO .->  ~  “  ions  in  a 
range  of  environments  which  are  comprised  of  oxygens  which,  on  average,  exert  a  ligand 
field  that  is  somewhat  more  negatively  charged  than  that  of  six  equitorial  Ho0  molecules 
but  somewhat  more  positive  than  that  of  three  \'Og-  or  CHoCO.-,-  ions  at  the  optimum 
spacings  they  assume  in  crystals  til,  12)  or  dissolved  complex  ions. 

The  visible  spectral  features,  including  the  high  frequency  absorbance  due  to  the  onset 
of  the  bands  known  as  B  and  C  of  LO.->  9.  13  thus  are  consistent  with  the  presence  of 

uranyl  ions  in  disordered  silicate  environments  having  a  net  charge  of  -2  and  containing 
two  nonbridging  <NBO'  oxygens  'one  on  each  of  two  Si  atoms)  and  four  bridging  Si-O-Sii 
oxygens  at  average  U-0  distances  greater  than  the  2.5  A  at  which  the  oxygens  of 
UOo  CHoCO.vo,  for  example,  appear  in  the  equitorial  plane  of  discrete  complex  ions  ■  12  . 
There  are.  no  doubt,  in  the  distribution  of  sites  some  with  oxygens  present  on  Si  attached 
to  two  N’BO's  as  well,  but  there  is  not  yet  evidence  of  their  presence  in  large  proportion. 
There  is  no  evidence  in  the  spectra  for  either  U1  VI  uranate  species,  which  would  be 
expected  near  540  nm.  or  for  U  V  or  UIY  which  would  have  absorbances  in  the 
700-1400  nm  reeion. 

The  infrared  spectra  of  the  uranium  silicate  glasses  shown  in  Fig  2.  supoort  this 
interpretation.  As  tne  concentration  of  L’Oi  "  is  increased  several  features  of  trie 
spectrum  change.  Tne  man  trenuor.cy  smoulder  of  the  main  S.O  .  band  centered  at  ’  '.00 
cm  *  become:  more  pronounced,  ,ts  .-xt  <1  fr- m  the  mt:  inaction  .  Si-O  -tr-'t .  :*.es  a; 


PAGE  ~ 


effect  is  assigned  to  the  presence  of  a  very  low  concentration  of  Si  with  two  NBO's  and 
possibly  to  vibrations  of  glass  network  oxygens  in  the  neighborhood  of  the  UO,  ~  ion. 

The  principal  new  band  is  that  at  ca  ‘.>00  cm  'precise  position  •vSS  cm  1  .  which  is 

—  ° 

assigned  to  the  asymmetric  stretch  v  of  a  nearly  linear  UO  >  ”  ion.  This  mode  appears 

at  895  -  910  cm"'  in  the  spectra  of  the  U0o  salts  and  solutions.  It  is  infrared  active 
and  would  be  ungerade  in  the  fully  linear  species.  Thus,  it  is  not  the  primary  contributor 
to  the  vibrational  structure  of  the  electronic  transition  near  4  20  nm.  which  is  between 
ungerade  states  and  thus  requires  the  gerade  vibration  u/.i,  which  is  at  ca  S55  cm-'  in 
the  ground  and  715  cm-1  (avei  in  the  excited  electronic  states  ' 9 ).  The  infrared  active 
jiiU-O)  of  UO.,  ”  is  well  known  and  has  been  analyzed  for  a  wide  range  of  uranyl  salts, 
and  has  been  correlated  to  the  R'U-01  distance  by  Veall.  et  al  •  14'  and  Siegel  '15'  by  the 
exp: ession  RiU-O1  =  SI. 2  v  ~  '  ~  0.S5.  From  the  *88  cm  band,  the  l’  -  0  distance  if 
found  to  be  1.72  A  for  these  glasses.  This  compares  well  to  the  value  1.71  A  found  in 
NaUO.y  0  -,CCH0  o 

-  -  O  J 

The  visible  spectrum  of  the  clear,  colorless  thorium  silicate  glasses  is  featureless,  of 
course,  but  the  infrared  spectra  exhibit  absorption  in  the  600-1400  cm-1  region.  These 
spectra  are  similar  to  those  of  the  uranium  glasses  except  that  there  is  no  band  at  900 
cm  1  or  analogous  to  it  since  Th  IV  does  not  form  an  analogous  ionic  MO.-,  species. 

Upon  heating  the  uranium  glasses  at  500°  C  for  2  -  24  hours  they  darken  to  a  deep 
orange  color,  and  with  extended  heating  at  *00°  C  or  at  higher  temperature  thev 
eventually  acquire  a  very  deep  coloration  which  makes  them  appear  biack.  Some  evidence 
of  crystallization  first  appears  with,  extended  heating  at  700c  C.  All  appear  homogeneous 
under  40x  microscopic  examination.  However,  x-ray  stucy  of  powders  of  these  materials 
shows  that  they  contain  crystalline  components.  While  it  is  not  obvious  mat  crvstail.. ration 
snouid  occur  in  this  temperature  r  *h“  uranium  oxide  phase  diagram  1 that 

for  LOx  compositions  near  x  =  ...  UO  transformed  to  a  mixture  of  U<),  ar.n  U  -O^  and 
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that  a  range  of  crystalline  uranium  oxide  compositions  can  be  lormed.  The  crystalline 
components  formed  at  >00°  C  appear  to  be  UOo  giby  x-ray  powder  pattern,  but 
presumably  U0o  or  UpO-,-  and  LUO,;  These  transformations  and  concomitant 
silicate  composition  and  chanties  occur  as  the  time  of  heating  at  500°  C  is  increased. 

The  key  features  of  this  method  are  control  of  the  amount  of  H90  available  for 
gelation  and  kinetic  control  of  the  form  of  the  metal-containing  ion.  If  there  is  too  much 
water  available,  the  concentration  of  Si-OH  moieties  is  increased  in  the  initial  stages  of  the 
reaction  and  tends  to  favor  SiOo  formation  and  exclusion  of  the  cation.  The  iatter  control 
is  exerted  in  order  to  combine  a  form  of  the  ions  in  which  the  ligands  to  be  replaced  are 
H  ^0  or  its  fragments  or  are  labile  on  the  gelation  time  scaie.  It  can  be  exerted  by  acid 
hydrolysis  of  either  a  carbonate,  leading  to  exclusion  of  COo.  or  an  oxicie  which  is  soluble 
in  an  acid  whose  anion  is  weakly  ligating  and  which  acid  vaporizes  but  does  not  decompose 
upon  drying  ana  aensification  of  the  glass.  In  the  present  preparation  HC1  was  used  as  the 
acid. 


Since  the  more  common  way  to  introauce  metai  ions  by  a  soi-gei  method  is  to  react 
metal  alkoxides  with  TEOS.  or  another  network  former,  it  is  useful  to  consider  the 
feasibility  of  introducing  U  VT  or  ThTY  in  that  manner.  G.iman  ct  ai  1“  have  reported 
the  preparation  of  U  VI)  alkoxides.  which  cou.i  be  used  in  this  way.  Uranium  VI 
ethoxiae,  prepared  by  oxidizing  IT  Vi  ethcxide  by  benzoy.  peroxide,  is  a  red  liquid  which 
can  be  distilled  under  vacuum  at  75°  C  arid  is  soluble  m  a  range  of  organic  solvents.  It  is 

—  O 

extremely  moisture  sensitive  and  hydrolyzes  to  give  solutions  containing  the  U0o  “  ion. 
Thorium  also  forms  substituted  aicoiioiatcs.  writer,  may  be  useful  precursors.  While  these 
approaches  may  yield  interesting  materials,  the  chemistry  is  much  more  involved  than 
that  used  in  this  work. 


Studies  to  determine  the 
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silicates  based  on  complex  mixtures  of  actinides,  rare  earths  and  other  important  metals, 
will  be  reported  separately. 
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Table  1 

Composition  of  Typical  xAcOn(  l-x)Si09  Glasses 


Glass  No. 

n 

mole  °c  AcOn 

WeightrcAcOn 

Mole  °c  Si09 

Stoichiometry 

ThSi  025 

2 

0.17 

0. 75 

99.8 

0.0017ThQo.  0.998SiO, 

ThSi  200 

o 

1.64 

6.73 

98.36 

0.0164ThO2*  0.9S4SiO9 

ThSi  300 

2 

2.63 

10.62 

97.37 

0.0263ThOo  •  0.974SiOo 

ThSi  500 

2 

3.20 

12.66 

96. S 

0.032ThO2. 0.968SiO9 

USi  100 

3 

0.73 

3.36 

99.3 

0.0073U03-  0.993SiOo 

USi  300 

0 

•J 

2.90 

12.43 

97.1 

O.O29OUO3.  °-971Si0o 

USi  500 

3 

4.68 

18.94 

95.3 

O.O468UO3.  °-953Si09 
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Figure  Captions 

Figure  1.  Infrared  spectrum  of  the  uranium  sinuate  glass.  xUO^ •  ■  1-x  SiO.->,  with  x  = 
0.029  in  the  500—3S00  cm-1  region.  The  baseline  due  to  the  KBr  in  the  pellet  has  not 
been  subtracted. 

Figure  2.  Infrared  spectra  of  uranium  silicate  glasses.  xUOj  •  <  1-x  SiO->,  with  x  =  0.007 
(a).  0.029  (b),  and  0.047  < c j ,  in  the  600  -  1800  cm'^  region. 

Figure  3.  Visible  absorbance  spectra  of  thin  sections  of  uranium  silicate  glasses. 
xUOg*  ( l-x  Si0o.  with  x  =  0.047  'a*  and  0.029  * b ».  in  the  300  -  600  nm  region.  The 
thickness  differ. 


Appendix:  Laboratory  for  Lightwave  Technology 
Division  of  Engineering,  Brown  University,  Providence,  R.I.  02912 

Introduction 

A  Laboratory  for  Lightwave  Technology  has  been  established  within  the  Division  of 
Engineering  at  Brown  University.  This  facility  consists  of  an  MCVD  (Modified  Chemi¬ 
cal  Vapor  Deposition)  laboratory,  a  fiber  characterization  laboratory,  and  an  optical  fiber 
draw  tower.  Brown  is  one  of  the  few  U.S.  universities  at  which  it  is  possible  to  design  and 
fabricate  novel  optical  fibers  for  sensor  and  other  opto-electronic  applications.  This  equip¬ 
ment  presently  represents  a  total  of  nearly  a  million  dollars  in  our  laboratory  alone,  and 
it  is  supplemented  by  NMR  and  Raman  equipment  for  bulk  characterization  of  inorganic 
glasses  in  the  Departments  of  Physics  and  Chemistry.  Research  is  being  carried  out  in  co¬ 
operation  with  faculty  from  the  Department  of  Chemistry,  Physics,  and  also  with  faculty 
and  staff  from  electrical  and  materials  engineering.  In  addition,  cooperative  research  is  in 
progress  with  the  University  of  Illinois,  Northeastern  University  and  two  laboratories  in 
the  Ruhr  University,  Bochum,  Germany. 

Our  research  program  emphasizes  new  techniques  of  preform  fabrication,  t  he  study  of 
specially  doped  preforms  for  use  as  sensors,  fiber  lasers,  polarization  maintaining  fibers, 
studies  of  stress  induced  effects  in  fibers,  and  nonlinear  phenomena  in  fibers.  We  are  also 
engaged  in  NMR  and  Raman  studies  of  the  incorporation  of  novel  as  well  as  traditional 
dopants  and  how  processing  affects  the  manner  in  which  these  dopants  are  incorporated 
into  a  glass  matrix.  Emphasis  is  placed  not  on  the  traditional  telecommunications  fiber, 
but  on  special  fibers  and  fibers  associated  with  sensor  applications. 

The  use  of  specialty  opt  ical  fibers  as  sensors  in  such  disparate  fields  as  solid  mechanics, 
chemical  species  detection,  biology  and  medicine,  creates  a  seemingly  endless  list  of  possible 
areas  of  application.  We  are  clearly  not  in  a  position  to  pursue  active  research  into  all  <>f 
the  areas  in  which  we  believe  optical  fibers  will  play  an  increasingly  important  iuie.  Our 
main  thrust  will  be  to  develop  a  fundamental  understanding  of  the  material  and  struct  ural 
attributes  of  specialty  fibers.  We  also  hope  to  initiate  a  program  in  non-linear  effects  in 
fibers  and  to  study  the  effects  of  novel  dopants  on  Raman  gain.  As  can  be  seen,  the  unique 
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advantages  offered  by  the  Laboratory  for  Lightwave  Technology  can  only  be  utilized  with 
participants  who  can  contribute  to  the  multidisciplinary  aspects  of  the  research. 

A  series  of  proposals  have  been  written  and  submitted  to  various  agencies  with  the  in¬ 
tention  of  supporting  joint  activity  outside  of  our  group  in  the  Division  of  Engineering.  At 
the  present  time,  there  are  four  Pli.D.  students  within  the  Division  of  Engineering  and  one 
in  the  Department  of  Chemistry  associated  directly  with  the  activities  of  our  laboratory. 
It  is  expected  that  this  number  will  double  in  the  near  future.  Participants  in  the  activities 
of  our  laboratory  include  Prof.  K.S.  Kim  (University  of  Illinois),  an  expert  in  both  optics 
and  solid  mechanics,  and  Prof.  J.  C'ipolla,  a  professor  of  Mechanical  Engineering  from 
Northeastern  University  who  has  been  closely  involved  with  the  theoretical  aspects  of  this 
work.  The  faculty  at  Brown  University  are:  two  professors  of  chemistry;  Prof.  W.  Risen, 
an  expert  in  amorphous  glasses,  and  Prof.  A.  Wold,  a  chaired  professor  and  editor  of  the 
Journal  of  Solid  State  Chemistry);  Prof.  N.  Lawandy,  from  electrical  engineering  (recip¬ 
ient  of  a  Presidential  Young  Investigator  award  from  the  National  Science  Foundation), 
and  Prof.  B.  Caswell,  and  Prof.  E.  Suuberg,  two  professors  from  the  Fluid  Mechanics. 
Thermodynamics  and  Chemical  Processing  group;  Prof.  P.  Bray,  a  chaired  professor  from 
the  physics  department  specializing  in  NMR  studies  of  glasses.  All  will  be  contributing 
their  expertise  toward  increasing  our  understanding  of  various  materials  and  fabrication 
problems  as  well  as  applications  of  lightguides.  In  addition,  Prof.  Stiles  (strained  super 
latice  semiconductors),  Prof.  Nurmikko,  (ultra-fast  optical  processes  in  semiconductors), 
and  Prof.  Rosenberg  (fast  electronic  devices)  are  participating  in  a  cooperative  program 
involving  semiconductor/fiber  devices.  We  are  also  collaborating  on  some  novel  concepts 
of  “soot”  deposition  with  Prof.  M.  Fiebig  of  the  Ruhr  Universitaet,  Bochum.  Germany. 

Research  Topics 

Although  there  are  several  techniques  for  the  fabrication  of  high  performance,  low 
loss  optical  fibers  such  as  OVPO  (external  deposition.  Corning  Glass).  PCYD  (microwave 
discharge,  internal,  Phillips),  MCVD  (internal.  A  TAT  and  Bell  Laboratories!,  and  VAD 
(vapor  axial  deposition,  Japan),  they  all  have  in  common  t lie  deposition  of  glass  from 
reactions  that  occur  in  the  vapor  phase.  Perhaps  the  most  flexible  of  these  techniques  is 


MC'VD  (Modified  Chemical  Vapor  Deposition).  This  is  the  process  that  will  he  used  in 
our  laboratory  in  the  fabrication  of  novel  lightguides  for  sensor  applications. 

In  the  following,  we  list  several  research  topics  and  support  for  our  present  program. 
Since  our  facility  enables  us  to  design  and  iabricate  fibers  for  a  variety  of  purposes,  other 
topics  not  cited  here  may  well  lie  pursued  in  the  future. 

(  1.]  Rare  Earth  Doping  of  Optical  Fillers 

There  is  great  interest  in  the  doping  of  fiber  preforms  with  rare  earth  elements. 
( AFOSR  Physics  Branch,  8280,000.  24  months)  These  rare  earth  elements  are  difficult 
to  obtain  in  the  vapor  phase,  and  we  hope  to  introduce  a  novel  procedure  for  the  incorpo¬ 
ration  of  rare-earth  dopants  into  a  silica  matrix.  First,  however,  it  is  perhaps  appropriate 
to  discuss,  albeit  briefly,  the  motivation  behind  this  project. 

When  light  propagates  through  a  glass  doped  with  these  elements  its  electric  field 
vector  rotates  bv  an  amount  proportional  to  the  strength  of  an  external  magnetic  field  and 
the  length  of  interaction.  The  constant  of  proportionality  is  called  the  Verdet  constant, 
which  is  large  tor  the  rare  earth  elements.  By  sensing  the  rotation  of  the  field,  fibers  doped 
with  such  materials  can  be  used  as  electro  and  magnetic  field  sensors.  In  addition,  the 
rotation  of  the  electric  field  within  the  fiber  tin  the  presence  of  a  magnetic  field)  allows 
the  creation  of  non- reciprocal  devices  such  as  isolators  and  circulators,  which  are  now  in 
common  use  in  the  microwave  region.  One  of  the  possible  barriers  to  the  fabrication  of 
such  devices  is  the  difficulty  of  incorporating  the  lanthanide  elements  into  a  silica  based 
glass  in  the  vapor  phase.  The  group  at  Southampton  (D.  Payne.  S.  Poole,  et.al.)  have 
developed  a  double  burner  technique  for  introducing  rare  earth  chlorides  into  the  MC'YD 
gas  stream,  and  have  produced  a  host  of  fiber  lasers.  (.1.  Lightwave  Technology,  July  1980) 
The  disadvantage  of  this  technique  is  that  it  is  difficult  to  obtain  axial  uniformity  in  the 
dopant.  An  alternate  proceedure  used  by  this  group,  as  well  as  by  the  group  at  AT&T  Bell 
Laboratory,  is  to  de-mount  the  preform  from  the  glass  lathe,  immerse  it  for  several  hours 
in  an  acqueous  solution  containing  the  desired  rare  earth  salt,  and  then  dehydrate  ‘lie 
tube.  Since  the  rare  earth  salts  of  interest  (in  particular  Nd)  are  soluble  in  polar  organic 
liquids,  we  plan  to  consider  the  introduction  of  the  rare  earth  salts  in  polar  Huor-carbons 
in  the  form  of  an  aerosol  spray.  This  would  eliminate  the  problem  of  axial  non-uniformity 
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as  well  as  the  lengthy  dehydration  time.  The  focus  of  this  research  will  he  in  a  study  of 
fiber  sensing  devices  and  fiber  lasers. 

[  2.]  Second  Harmonic  Generation  in  Silica  Based  Fibers 

This  work  is  being  carried  out  in  conjunction  with  Major  J.  Rotger,  Frank  .1.  Seiler 
Laboratory,  ITS. A. F.,  Colorado  Springs,  and  Dr.  Flf  Osterberg,  of  Prof.  Stegeman’s  group 
at  the  Unai versitv  of  Arizona. 

Second  harmonic  frequency  generation  can  occur  in  transparent  materials  lacking  a 
particular  center  of  symmetry.  In  these  materials,  it  is  possible  for  two  photons  of  frequency 
u>  to  interact  with  a  lattice  to  produce  one  photon  of  frequency  2u>.  In  certain  non-linear 
crystals,  the  efficiency  with  which  this  can  be  done  depends  on  a  host  of  parameters  such  as 
crystal  orientation,  phase  matching  conditions,  and  can  be  as  high  as  40%.  These  crystals 
can  be  quite  expensive,  of  the  order  of  several  hundred  to  several  thousand  dollars.  Such 
crystals  are  in  common  use  in  a  host  of  lasers,  and,  in  particular,  in  the  Nd:YAG  laser. 
This  doubles  the  frequency  from  1.06  //  to  .53  /(  where,  in  the  green,  the  radiation  can 
serve  as  a  pump  for  dye  lasers.  Such  frequency  doubling  with  an  intra-cavity  nonlinear 
crystal  can  perhaps  also  be  used  in  conjunction  with  a  tunable  alexandrite  laser. 

There  are  a  host  of  applications  for  nonlinear  optical  elements  capable  of  frequency 
doubling,  or  frequency  mixing,  and,  unfortunately,  these  effects,  until  quite  recently  have 
been  seen  only  in  crystalline  materials.  A  particular  geometry  in  which  such  devices  could 
be  particularly  exploited  is  that  of  an  optical  fiber.  Since  the  fibers  are  so  small,  the 
outer  diameter  of  the  order  of  100  //,  it  is  possible  to  achieve  high  intensities  needed  for 
the  generation  of  such  nonlinear  effects  even  with  diode  lasers.  However,  it  can  be  shown 
that  second  harmonic  generation  can  not  be  produced  in  isotropic  materials  since  \  ,  is 
essentially  zero.  For  this  reason,  there  have  been  attempts  to  grow  crystal  fibers  and 
to  exploit  the  strain  induced  asymmetry  of  polarization  maintaining  fibers  in  the  hope  of 
obtaining  fibers  capable  of  nonlinear  effects.  The  advantage  of  fibers,  in  pnrhruhi  fib*  t  ^  of 
amorphous  as  opposed  to  crystalline  material,  is  that  they  can  be  inexi>eu>i\ ely  produced 
in  large  lengths. 

Thus,  what  would  be  most  desirable  is  a  fiber  fabricated  with  the  techniques  developed 
by  the  optical  fiber  industry  (MC'YD),  that  will  exhibit  the  needed  asymmetry  of  structure 
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to  obtain  second  harmonic  generation.  A  series  of  experiments  (Osterberg  and  Marguhs. 
Optics  Letters.  August  198(3.  February  198?)  have  recently  indicated  such  a  possibility 
by  creating  anisotropic  radiation  induced  defects  in  a  silica  based  fiber  with  phosphorous 
doping  in  the  core  as  well  as  the  cladding.  The  raised  core  index  was  from  germanium 
doping.  These  experiments  indicate  an  exciting  possibility  of  studying  not  only  funda¬ 
mental  aspects  of  radiation  induced  anisotropies  in  glass,  but  of  taking  advantage  of  this 
phenomenon  for  a  host  of  nonlinear  fiber  devices. 

The  experiment  was  fundamentally  simple.  (Osterberg  and  Margnlis.  1980,  1987)  A 
cw  modelocked  Nd:YAG  laser  was  Q  switched  to  provide  1 00- !  -TO  psec  pulses  in  Q  switched 
trains  that  lasted  for  250  nsec  (FWHM).  This  1.06  ft  radiation  was  focussed  into  a  fiber, 
described  above.  Since  the  \2  coefficient  is  zero  for  a  glass,  no  second  harmonic  generation 
was  noted.  However,  after  a  period  of  several  hours  of  pumping  with  this  source,  the 
light  in  the  output  was  green,  indicating  a  frequency  doubling.  This  output  in  the  green 
increased  exponentially  with  time  until  saturation  was  reached  after  about  twelve  hours 
of  pumping  with  the  NdrYAG  laser.  The  conversion  efficiency  was  5  To,  and  occurred  only 
with  phosphorous  doping  in  the  core  as  well  as  in  the  cladding.  The  pumping  laser  was 
polarized,  and  the  nonlinear  doubling  seemed  to  emanate  from  the  portion  of  the  fiber  from 
20- '10  cm.  Beyond  this  length,  no  further  frequency  doubling  occurred,  and  the  pump  and 
frequency  doubled  component  did  not  interact  with  one  another.  Speculation  might  lead 
one  to  conclude  that  in  the  first  20  cm  of  fiber  cladding  modes  interferred  with  the  phase 
matching  condition  that  was  naturally  present.  Following  this  section,  the  green  light  was 
no  longer  coherently  coupled  to  the  pump  source,  and  freqenrv  doubling  did  not  occur. 

A  possible  mechanism  for  this  nonlinear  action  might  well  be  found  in  the  fact  that 
the  polarized  pump  beam  could  induce  defects  that  would  destroy  the  symmetry  >>f  the 
material,  and  thus  create  a  \2.  A  recent  article  by  Stolen  and  Tom  I  ( )ptics  Letters.  August 
1987)  proposes  a  theory  for  the  existence  of  this  new  phenomena  of  second  harmonic 
frequency  generation.  The  experiments  performed  by  this  group  found,  howevei .  only  .  p'i 
effeciencv  of  frequency  doubling,  as  contrasted  with  the  5T  obtained  by  the  Swedish,  group.. 
It  is  clear  that  there  is  much  to  be  done,  both  theoretically  and  experiment  ail}  in  this  area, 
and  our  laboratory  is  uniquely  suited  to  pursue  this  topic. 

I  3.1  Novel  Preform  Fabrication  Processes 


Supported  l>v  the  National  Science  Foundation:  S22'2,()l)(),  three  years.  We  have  shown 
that  laser  heating  of  the  aerosol  deposited  in  the  M('\'[)  (Modified  <  hemical  Vapor  De¬ 
position)  fabrication  of  the  preforms  from  which  optical  fibers  are  formed  can  have  a 
dramatic  effect  on  both  the  rate  and  quality  of  deposition.  With  equipment  that  will 
allow  us  to  create  state-of-the-art  optical  fiber  preforms,  we  plan  to  study  the  effects  of 
laser  enhanced  t hermophoretic  deposition  on  optical  fiber  preforms  and  the  fibers  pulled 
from  these  preforms.  In  addition,  we  will  study  the  collapse  rate  of  preform  tubes  with 
the  addition  of  axial  laser  radiation  from  a  2r>0  \V  Model  41C  Coherent  Radiation  car¬ 
bon  dioxide  laser.  We  plan  to  examine  this  phenomenon  experimentally  ami  theoretically. 
Increasing  the  diameter  of  preform  tubes  to  obtain  more  fiber  can  increase  the  time  of 
tube  collapse  considerably,  and  a  study  of  the  influence  of  internal  laser  heating  may  yield 
information  on  how  this  step  in  optical  fiber  fabrication  can  be  shortened.  Much  effort 
has  been  spent  in  t lie  development  of  computer  codes,  including  three  dimensional  effects, 
that  describe  fundamental  heat  and  mass  transfer  processes  in  MCVD.  The  results  of  this 
work  have  appeared  in  publications  that  such  as  the  Journal  of  Heat  Transfer.  Journal 
of  Colloidal  and  Interfacial  Sciences.  Journal  of  the  Ceramic  Society,  to  the  Journal  of 
Light  wave  Technology. 

I.,  NMR  Studies  of  Vapor  Deposited  Preforms  and  Fibers 

Several  techniques  will  be  used  to  gain  an  assessment  of  the  structure  of  the  fibers 
fabricated  in  our  laboratory.  One  of  these.  NMR  (Nuclear  Magnetic  Resonance),  will  be 
employed  in  a  fundamental  study  of  the  incorporation  of  dopants  into  optical  fibers.  Prof. 
P.  Brav,  of  the  Department  of  Physics  will  be  guiding  tfiis  aspect  of  the  program.  It  is  of 
great  interest  to  characterize  and  possibly  explain  the  differences  between  glasses  formed 
from  the  melt .  and  those  formed  from  vapor  phase  deposited  glasses.  This  is  pnrticularlv 
true  for  an  underst  a  tiding  of  the  radiation  induced  damage  associated  with  nonlinen :  second 
harmonic  generation  in  silica  based  fillers.  Having  already  made  some  silica  based  lib-us 
with  phosphorous  doping  in  t lie  cladding  as  well  as  the  core,  we  plan  t o  e.\«> mine  t ],e  effect  of 
Nd: VAC  radiation  on  the  mocrost  rue t  lire  of  the  phosphorus  bonding  to  detet  mine  t  In  exact 
symmetry  breaking  conditions  that  permit  second  harmonic  generation  in  an  ostensibly 
isotropic,  amorphous  material. 
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Measurements  of  dipolar  broadening,  quadropolar  effects,  chemical  shifts,  and  spin- 
lattice  and  spin-spin  relaxation  times  will  be  used  to  determine  whether  dopants  (or  glass 
components)  are  aggregated  or  dispersed,  and  to  characterize  the  bonding  configurations 
and  structural  groupings  formed  in  the  glasses. 

Studies  are  already  in  progress  involving  boron  and  fluorine  in  fibers  provided  from 
industrial  sources.  Detailed  studies  of  phosphorous  in  silica  fibers  have  been  published  from 
another  laboratory.  Since  the  process  for  producing  fiber  preforms  ran  yield  materials  not 
achievable  from  the  melt,  a  new  and  large  family  of  elements  can  be  studied  by  NMR  to 
determine  the  coordination,  bondings,  structural  groupings,  and  other  characteristics  on 
an  atomic  scale  that  determine  the  microscopic  characteristics  of  the  fiber. 

[  5.)  Polarization  Maintaining  Fibers 

The  impetus  for  creating  polarization  maintaining  fibers  comes  from  two  different 
sources.  Perhaps  the  most  immediate  of  these  is  in  optical  fiber  sensors  in  which  deviations 
from  a  specific  state  of  polarization  may  be  associated  with  the  presence  of,  for  example, 
an  electric  or  magnetic  field.  It  is  necessary  for  these  fibers  to  maintain  polarization  in 
the  absence  of  the  external  disturbance  i.e.,  magnetic  or  electric  field,  which  the  sensors 
attempt  to  measure.  A  further  need  for  high  quality  polarization  maintaining  fibers  might 
be  in  some  future  coherent  communications  system. 

Polarization  preservation  in  fibers  may  be  gencrically  divided  into  two  different  types: 
low  birefringence,  and  high  birefringence.  If  we  can  envision  a  low  birefringence  single  mode 
fiber  that  in  some  sense  is  “perfect"  with  regard  to  uniformity  of  dopant  and  uniformity  of 
external  influences  on  the  fiber,  then  this  ideal  device  will  maintain  its  polarization.  Unfor¬ 
tunately,  there  are  a  myriad  number  of  internal  as  well  as  external  influences  that  disturb 
this  ideal  depiction.  Any  physical  imperfections  in  the  fiber  itself,  as  a  consequence  of  lack 
of  circularity  from  some  quirk  in  ♦  lie  production  pro.  ess,  or  any  micro-bubbles  or  ri <u  ks  in 
the  fiber  will  cause  a  random  interaction  between  the  two  propagating  m>>dos  of  different 
polarization  that  are  present  in  a  single  mode  fiber,  and  the  polarization  m.dnt aining  t  liar 
acteristics  of  the  fiber  will  be  lost.  In  addition,  any  asymmetrical  lateral  stress,  of  oil  her 
internal  or  external  nature,  bending,  tension,  torsion,  and  electric  and  magnetic  fields,  will 
also  destroy  polarization  maintaining  features.  For  example,  a  small  axial  scratch  on  the 


surface  of  a  drawn  fiber  produces  a  huge  stress  singularity  if  the  fiber  is  subjected  even 
to  a  slight  twist.  All  of  these  effects  influence  the  polarization  coupling  of  the  different 
modes  that  propagate  in  the  fiber  and  degrade  the  ability  of  the  fiber  to  maintain  a  single 
polarization. 

Since  low  birefringence  fibers  can  be  affected  in  a  number  of  ways  by  internal  imper¬ 
fections  or  ''xternal  disturbances,  we  consider  an  alternate  approach  taken  by  other  re¬ 
searchers,  that  is  to  increase  the  birefringence  of  the  preform,  and  hence  the  fiber,  through 
the  deliberate  introduction  of  a  high  degree  of  internal  stress  and  azimuthal  asymmetry 
in  the  fiber.  It  is  upon  this  latter  aspect  that  this  research  shall  focus.  This  work  will  be 
carried  out  in  coopertion  with  Prof.  K.S.  Kim,  of  the  University  of  Illinois. 

To  insure  that  a  high  birefringence  fiber  has  the  capability  of  maintaining  a  specific 
state  of  polarization,  it  is  necessary  that  some  asymmetry  in  the  azimuthal  direction  be 
included  in  the  fiber.  There  are  several  ways  in  which  this  may  be  done.  Japanese  manu¬ 
facturers,  in  particular  Sumitomo  and  Hitachi,  rely  on  an  elliptical  core  within  a  circular 
cladding.  Depending  upon  the  cladding  material  and  profile,  the  fast  axis  may  be  along 
either  the  semi-major  or  the  semi-minor  axis.  Bell  Laboratories  has  recently  reported  on 
the  polarization  preserving  characteristics  of  a  fiber  pulled  from  a  preform  that  had  been 
flattened  on  two  sides  before  being  pulled.  T  his  seemed  to  have  t he  advant age  t  hat  t lie  pre¬ 
ferred  axis  could  be  located  from  the  external  shape  of  the  pulled  fiber.  Another  method, 
introduc  'd  by  the  group  under  Professor  A .  Gambling  at  the  University  of  Southhampton, 
England,  attempts  to  make  fuller  use  of  the  mechanics  of  stress  induced  birefringence  in 
fibers  in  order  to  create  the  desired  degree  of  azimuthal  asymmetry.  I  his  is  done  by  local¬ 
ized  heating  to  remove  dopants  leaving  an  azimuthally  asymmetric  dopant  profile  in  the 
preform.  We  plan  to  investigate  multi-dimensional  effects  of  stress  birefringence  in  pre¬ 
forms  and  fibers.  Our  theoretical  program  will  be  complimented  by  experiment  a!  studies 
employing  laser  etching  of  dopants  to  achieve  a  highly  emit  rolled  degree  of  azmiut  hal  st  ress 
asymmetry  in  the  preforms  fabricated  in  our  laboratory.  Significant  progress  has  already 
been  made  in  optimizing  stress  distributions  in  fibers  and  preforms. 


(  6.]  A  Zinc  Chloride  Fiber 


Zinc  chloride,  an  extremely  hygroscopic  material,  has  the  ability  to  form  a  low  tem¬ 
perature  glass.  It  transmits  best  in  the  mid  infrared,  and  its  infrared  edge  absorption 
allows  transmission  up  to  10.6  microns.  We  are  investigating  the  possibility  of  vapor  phase 
deposition  of  this  material  via  a  suitable  organic  precursor,  with  subsequent  removal  of 
water  by  flowing  HC'l  through  our  deposition  system.  A  possible  substrate  tube  would  be 
poly vanilidine  fluoride  which  is  quite  impervious  to  water.  If  this  material  is  easily  obtain¬ 
able  in  rods  or  tubes,  it  coidd  be  used  as  a  substrate  in  an  MC'VD  process  for  obtaining 
dry,  glassy  zinc  chloride  that  could  result  in  a  graded  index  preform  (when  doped  with 
barium  chloride). 

[  7.]  Nonlinear  Interactions  in  Glasses  and  Fibers 

With  the  ability  to  dope  fiber  preforms  with  special  elements,  it  is  of  interest  to  study 
non-linear  effects  in  fibers.  As  a  consequence  of  their  small  core  diameters,  it  is  possible  to 
achieve  non-linear  effects  in  single  mode  fibers  with  modest  laser  powers.  The  two  main 
thrusts  which  we  would  like  to  address  are  nonlinear  frequency  generation  in  optical  fibers 
and  nonlinear  propagation  and  material  damage  in  glasses  and  fibers.  The  first  of  these 
efforts  will  focus  on  understanding  the  behavior  of  the  nonlinear  second  order  susceptibility 
of  glasses  using  tunable  stimulated  scattering  in  fibers  with  emphasis  on  coherent  phonon 
contributions  to  the  response.  Secondly  we  will  study  the  effects  of  explosive  phonon  build 
up  on  problems  of  laser  induced  damage  in  glasses.  This  effort  will  utilize  self  focusing 
effects  and  filament  characteristics  to  study  the  problem. 

[a.]  Raman  Amplification  in  Single  Mode  Fibers 

The  use  of  intense  pump  sources  to  generate  gain  at  the  sum  and  difference  frequencies 
of  the  pump  and  a  molecular  resonance  has  been  well  studied.  This  effe<  t  lias  been  dimvn 
to  produce  enormous  gains  at  the  lower  Stokes  frequency  in  liquid  and  solid  media  due 
to  the  high  atomic  densities  available.  Recently,  several  experiments  have  demonstrated 
that  optical  fibers  are  excellent  candidates  for  generating  Stokes  gain  and  lasing  at  the 
down  converted  frequency.  This  is  primarally  due  to  two  reasons:  1  )  fillers  may  support 
several  tens  of  watts  of  pump  power  in  extremely  small  cross  sectional  areas  (20  microns"  ) 
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satisfying  t lie  requirement  for  large  intensities  required  for  nonlinear  frequency  general ion, 
and  2)  fibers  may  provide  extremely  long  interaction  lengths  in  a  small  volume. 

Raman  amplification  lias  been  demonstrated  at  1.2  microns  with  a  I  .(Hi  micron  pump 
by  Koepf,  et.  al,  and  has  generated  a  gain  of  H)3  in  1  km  with  only  1.4  Watts  of  pump 
power.  This  experiment  has  defined  the  other  physical  mechanisms,  such  as  Brillouin 
scattering  effects,  which  limit  the  gain,  allowing  for  a  reasonable  engineering  design  to 
achieve  a  given  power  output  at.  the  desired  wavelength. 

The  recent  development  and  characterization  of  Alexandrite  lasers  has  resulted  in  a 
tunable  intense  source  between  7000-8000  A.  The  tunabilitv  and  intensity  will  allow  for 
♦  he  experimental  probing  of  the  molecular  Raman  scattering  cross  sections  behavior  in 
glasses  by  frequency  resolved  gain  and  pump  measurements.  The  work  will  be  aimed  at 
understanding  the  effects  of  other  coherent  processes  such  as  stimulated  forward  and  back¬ 
ward  Brillouin  scattering  on  the  stimulated  Raman  scattering  ( SRS )  process.  In  particular, 
the  quenching  of  phonon  processes  in  glasses  may  be  studied  in  this  way  by  temperature 
dependent  experiments  on  SRS  gain. 

[b.)  Self  Focusing  and  Laser  Induced  Damage 

It  is  well  known  that  materials  which  have  positive  Kerr  nonlinearities  result  in  self 
focusing  and  filament  formation.  The  effect  is  due  to  the  positive  intensity  dependent 
lens  which  results  in  a  Kerr  medium  due  to  the  peaked  transverse  intensity  distribution 
of  the  propagating  beam.  This  effect  has  resulted  in  light  filaments  less  than  1  micron  in 
diameter  at  visible  wavelengths.  This  focusing  results  in  damage  in  most  materials,  and 
the  phenomenon  is  not  understood.  The  primary  problem  lies  in  the  fact  that  not  enough 
power  is  absorbed  to  result  in  simple  thermal  damage.  We  woidd  like  to  study  the  problem 
with  a  focus  on  non  linear  coherent  generation  of  phonons  at  the  self  focusing  catastrophe 
point.  The  generation  rate  of  phonons  has  been  shown  to  be  unstable  in  SRS  due  to  the 
boson  behavior  of  the  phonons.  This  approach  to  the  damage  problem  could  be  studied 
in  glasses  with  both  amorphous  and  crystalline  structure  in  order  to  assess  the  effects  of 
coherently  induced  phonons  in  the  optical  damage  problem.  Needless  to  say.  self  focusing 
of  this  magnitude  could  play  an  important  role  in  coupling  into  fibers  for  energy  tiansfer. 

[  8.1  “Smart  Skin"’  Materials  with  Embedded  Filter  Sensors 
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As  increased  demands  are  placed  upon  the  development  ol  composite  materials  to  1  <• 
employed  near  the  limits  of  new  technologies,  it  becomes  necessary  to  monitor  their  state 
with  regard  to  temperature  anil  strain  in  a  continuous  manner.  A  technique  that  holds 
promise  of  fulfilling  this  goal  is  that  of  embedding  optica]  fiber  sensors  in  the  material 
as  it  is  being  processed.  These  fibers  must  be  able  to  operate  over  the  same  range  of 
temperature  and  strain  as  the  host  composite.  By  measuring  the  light  passing  through  the 
fiber,  it  is  possible  to  determine  information  on  the  state  of  the  surrounding  composite. 

Thus  far,  with  few  exceptions  fibers,  have  been  designer!  primarallv  for  telecommu¬ 
nication,  and,  in  spite  of  the  rapidly  growing  sensor  market,  not  sufficient  effort  has  been 
expended  to  optimize  the  fiber  design  for  its  specific  sensing  role.  This  question  must  be 
addressed  if  there  is  to  be  any  hope  of  embedded  fibers  fulfilling  their  promise.  As  noted 
above,  Brown  is  one  of  the  very  few  universities  capable  of  designing  and  fabricating  all 
stages  of  state-of-the-art  optical  fibers.  Fiber  design  with  respect  to  novel  dopants  that  can 
maximize  the  sensitivity  to  temperature  and  strain  will  be  one  emphasis  of  our  program. 
It  has  been  noted  that  certain  rare  earth  elements,  in  particular  Nd.  exhibit  a  marked 
temperature  sensitivity,  and  we  will  study  the  effects  of  dopant  levels  upon  temperature 
sensitivity  for  embedded  fibers.  Since  we  will  limit  ourselves  to  consider  maximum  lengths 
of  fiber  of  the  order  of  a  hundred  meters  or  so,  attenuation  due  to  higher  dopant  levels 
will  not  be  a  limiting  factor  as  would  be  in  the  case  of  the  design  of  a  telecommunications 
fiber. 

One  of  the  techniques  used  in  the  interrogation  of  a  specific  filler  section  is  that 
of  OTDR  (Optical  Time  Domain  Reflectometer ).  In  this  technique,  an  optical  signal  of 
short  duration  is  launched  into  an  optical  fiber.  At  each  point  in  the  fiber,  there  is  some 
amount  of  backscatter  from  this  pulse.  The  amount  of  backscatter  is  dependent  upon 
the  fiber  design,  both  geometry,  the  material  with  which  the  liber  is  doped,  the  level 
of  doping,  and  the  the  local  state  of  temperature  and  stress.  Clearly  this  is  a  system 
with  many  parameters.  Knowing  the  speed  of  propagation  of  the  wave  in  the  liber,  and 
knowing  the  time  difference  between  the  introduction  of  the  pulse  into  the  fiber  and  tim 
time  of  the  return  of  the  back  scattered  wave,  it  is  possible  to  obtain  information  nu  the 
local  position  from  which  the  pulse  was  scattered.  This  back  scattered  pulse  can  provide 
information  on  temperature,  strain,  and  other  characteristics  of  the  fiber  locally.  One  of  the 


problems  associated  with  such  a  technique  is  that  the  speed  of  light  travels  approximately 
30  cm/nsec,  and  thus,  if  we  wish  a  resolution  (spatially)  of  1  cm,  we  must  have  a  shutter 
system  that  can  open  and  close  in  I  30  of  a  nsec.  It  is  possible  to  introduce  splices,  or 
discontinuities  in  the  fiber  that  increase  backseat  ter,  and  if  their  location  is  known,  they 
can  increase  the  spatial  resolution  for  this  technique.  However,  splicing  of  fibers  over  a 
length  of  many  meters,  or  even  tens  or  hundreds  ol  meters,  is  not  a  practical  solution  to 
the  problem  of  enhancing  backscatter  or  increasing  spactial  resolution. 

We  propose  the  following  technique,  which  is  simple  to  implement  in  an  on  line  manner 
on  an  optical  fiber  draw  tower.  It  is  well  known  that  radiation  can  induce  structural  defects 
in  glass  that  can  enhance  scattering.  We  consider  a  laser  mounted  on  a  draw  tower,  pulsing 
at  regular  intervals  to  intersect  the  prior  to  coating.  The  intensity  conld  be  varied,  or  the 
pattern  of  radiation  induced  defects  could  be  changed,  depending  upon  the  laser  pulse 
shape  and  duration.  Thus,  the  reflected  signal  would  be  associated  with  a  specific  region 
of  the  fiber  that,  in  conjunction  with  standard  OTDR  techniques,  could  markedly  increase 
spatial  resolution. 

This  work  is  to  be  carried  out  with  Prof.  K.S.  Kim.  of  the  Theoretical  and  Applied 
Mechanics  Group  at  the  University  of  Illiois.  Urbana.  Ill.,  and  with  Prof.  .1.  Cornie,  of  the 
M.I.T.  Laboratory  for  the  Characterization  of  Composite  Materials. 

[  9.]  MCVD  Deposition  for  Gradient  Index  Lenses 

Supported  by  the  Army  Research  Office,  Durham.  N.C..  $300.00(1,  3(i  months.  Within 
recent  years  there  has  been  increasing  interest  in  the  use  of  gradient  index  lenses  in  nu¬ 
merous  optical  situations.  In  such  a  device,  either  a  radial,  or  axial  (or  both)  variation  in 
the  index  of  refraction  causes  the  light  passing  ihrough  it  to  be  bent.  The  classic  example 
is  the  Wood  lens  in  which  there  is  a  radial  variation  in  the  index  of  refraction.  Depending 
on  the  index  profile,  a  flat  lens  of  this  design  can  serve  either  as  a  converging  or  erging 
lens.  Another  configuration  of  the  same  genre  is  the  optical  fiber  preform,  with  which  <mr 
laboratory  has  had  much  experience.  Although  perhaps  not  strictly  classified  as  a  gradient 
index  lens,  the  optical  fiber  is  a  classic  example  of  how  structured  gradients  ran  channel 
light  to  achieve  low  loss  transmission  of  information  at  a  density  that  would  have  been 
inconceivable  a  decade  ago.  New  technologies  have  been  developed  to  insure  the  extremely 


tight  tolerances  on  geometry  and  impurity  levels.  In  all  of  these  techniques,  the  goal  is  to 
structure  a  preform  rod  of  extremely  high  purity,  with  a  radial  (or,  in  the  case  of  polarizing 
maintaining  fibers,  azimuthal)  distribution  of  dopants  that  will  insure  that  the  incoming 
light  will  be  confined  within  the  fiber.  Much  of  the  behavior  of  such  fibers  can  be  described 
with  conventional  ray  optics,  and,  driven  by  commercial  incentives,  the  work  in  this  area 
in  our  leading  industrial  laboratories  has  been  extensive. 

In  this  proposed  research,  we  wish  to  employ  the  techniques  of  optical  fiber  preform 
fabrication,  in  particular  MCVD  (Modified  Chemical  Vapor  Deposition,  to  be  described 
below)  to  the  fabrication  of  preform  rods  that  could  serve  as  radially  structured  gradient 
index  lenses.  In  the  development  of  preforms  for  optical  fibers,  the  chief  design  criterion 
is  the  need  for  ultra-high  purity  to  insure  that  fiber  pulled  from  the  ptefoim  will  have  low 
losses,  of  the  order  of  a  few  Db/km.  For  a  radially  structured  preform  rod  to  be  used  as  a 
gradient  index  lens  (i.e.,  the  preform  rod  is  sliced  to  produce  many  lenses),  the  stringent 
requirements  on  low  absorption  may  be  relaxed;  however,  a  more  carefully  structured  index 
of  refraction  (as  a  function  of  radius)  is  required.  This  gives  us  the  freedom  to  consider  a 
host  of  glasses  that  have  traditionally  been  used  as  optical  elements  but  whose  absorption 
renders  them  unsuitable  for  use  in  optical  fibers.  Prof.  D.  Moore,  of  the  University  of 
Rochester  Institute  of  Optics,  has  worked  extensively  in  this  field  over  the  past  years,  and 
we  have  been  in  close  contact  with  him  in  structuring  the  goals  erf  this  proposals. 

Equipment  and  Facilities 

As  noted  above,  there  are  three  components  of  our  laboratory.  1).  an  MCVD  (Modi¬ 
fied  Chemical  Vapor  Deposition)  Laboratory  in  which  vapor  phase  techniques  are  employed 
to  fabricate  silica  based  preforms  designed  in  our  laboratory,  2).  a  fiber  characterization 
laboratory  containing  a  York  Technology  Preform  Analyzer  t lie  provides  a  three  dimen¬ 
sional  profile  of  the  index  of  refraction  of  our  preforms,  and  a  York  Technology  F<"'M  1000 
Fiber  Characterization  Station  (a  donation  from  the  Bell  Communications  Rcseauh,  and 
3.)  a  complete  optical  fiber  draw  facility.  This  equipment  was  purchased  hoin  Special  Cas 
Controls  and  is  an  eight  meter  draw  tower  with  a  25.000  W  carbon  resistance  furnace,  two 
ultraviolet  cured  coating  stages,  and  the  possibility  of  a  thermally  cured  silicone  coating 
stage.  There  are  three  Beta  gauges,  one  for  feedback  and  one  for  for  fiber  diameter  cont  rol. 


and  two  coating  diameter  monitors.  The  tower  lias  been  operational  since  August  HINT. 
Our  first  fiber  (a  phosphorus-germanium  core  fiber  to  study  second  harmonic  generation) 
was  drawn  to  125  //  with  a  tolerance  of  ±0.2//. 

A  Micro- Vax  II  has  been  installed  on  an  Ethernet  link  to  a  series  of  larger  Digital 
Equipment  machines  and  will  be  used  to  control  and  coordinate  some  of  our  laboratory 
activities.  In  addition,  we  have  two  Model  4lC  Coherent  Radiation  carbon  dioxide  in¬ 
dustrial  lasers.  The  output  is  approximately  270  W.  One  laser  was  a  gift  of  the  IBM 
Corporation  to  our  laboratory,  and  the  other  was  donated  by  the  Florsheim  Shoe  Com¬ 
pany  of  Chicago,  Ill.  We  also  have  a  smaller  “home  built”  carbon  dioxide  laser,  and  a 
pulsed  1  J  carbon  dioxide  TEA  laser.  Further,  there  are  two  fume  hoods,  including  a  floor 
“walk  in”  model.  Other  equipment  in  this  laboratory  consists  of  oscilloscopes,  detectors, 
pumps,  He-Ne  lasers,  and  an  optical  table.  There  is  also  a  full  machine  shop  available  for 
any  work  that  might  need  to  be  done  in  the  construction  of  equipment. 

In  addition  to  the  equipment  cited  above  in  our  laboratory,  the  laboratories  of  Prof. 
Risen  (Chemistry)  and  Brav  (Physics)  contain  considerable  equipment  used  for  glass  re¬ 
search.  These  include  NMR  spectrometers  used  primarally  for  'Li.  11  B.  ’'O.  and  19F.  A 
new  FTNMR  will  be  truly  multinuclear.  of  great  importance  for  the  rare  earth  elements 
we  wish  to  consider.  (Prof.  Bray).  In  the  laboratory  of  Prof.  Risen,  there  is  a  new  Spex 
Ramalog  MicroRaman  spectrometer  with  Spectra  Physics  1  W  (all  lines)  Ar*  laser.  The 
Microraman  has  a  spatial  resolution  of  2  microns.  In  the  infrared  and  far-infrared  there  is 
a  Digilab  FTS15B  Fourier  Transform  Infrared  Spectrometer  that  can  take  relatively  good 
spectra  between  50-4000  cm'1.  In  addition,  the  Optical  Facility  has  purchased  a  BOMEM 
DA3.1  FTIR  with  its  initial  configuration  having  a  range  of  30-10,000  cm"1  as  well  as 
microscopic  infrared  capabilities.  There  are  a  number  of  high  temperature  furnaces,  the 
most  advanced  of  which  is  a  CM  Rapid  Temp  1700B  Furnace  with  a  sustained  temperature 
to  1600  °C.  In  addition,  there  are  also  extensive  facilities  available  for  the  measurement  of 
fast  optical  processes,  electron  microscopes,  ion  microprobes,  as  well  as  a  complete  micto- 
electronics  laboratory  for  vapor  deposition  and  encapsulation.  I  his  latter  equipment  may 
play  a  role  in  future  structuring  of  devices  on  fibers. 

Our  present  equipment  provides  a  natural  complement  to  the  extensive  bulk  >harac- 
terization  facilities  for  the  physical  properties  of  glasses.  We  will  be  able  1o  analyze  our 


preforms  with  a  sophisticated  FTNMR.  This  will  he  particularly  important  for  studies  in 
which  we  wish  to  determine  the  manner  in  which  dopants  are  incorporated  into  vapor  phase 
deposited  preforms.  Further,  a  micro  Raman  probe  in  the  laboratory  of  Prof.  Risen  of  the 
Chemistry  Department  will  enable  us  to  scan  preforms  and  fibers  with  a  a  high  degree  of 
spatial  resolution.  This  equipment  will  prove  of  great  value  in  detailed  characterization  of 
the  preforms  and  fiber  samples  that  are  produced  in  our  laboratory.  We  will  be  able  to 
produce  new  glass  structures  and  compositions  not  attainable  with  crucible  techniques. 
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